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EN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Patent Application of: 
Michael P. Czech et al. 

Application No.: 10/735461 Confirmation No.: 3 119 

Filed: December 1 1, 2003 Art Unit: 1635 

For: METHOD OF INTRODUCING siRNA INTO Examiner: R. A. Schnizer 
ADIPOCYTES 

MS Amendment 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

DECLARATION PURSUANT TO 37 CFR §1.132 

Dear Sir: 

We, Michael P. Czech, Qiong L. Zhou, and Zhen Y. Jiang, are named inventors in the 
above-identified application and make this declaration in support thereof, and particularly in 
response to the February 22, 2007 Office Action. I, Michael P. Czech, am Professor and Chair 
of the Program in Molecular Medicine at the University of Massachusetts Medical School. I, 
Qiong L. Zhou, am an Instructor in the laboratory of Michael P. Czech at the University of 
Massachusetts Medical School. I, Zhen Y. Jiang, am a Research Assistant Professor in the 
laboratory of Michael P. Czech at the University of Massachusetts Medical School. 

(1) We understand that the Examiner has maintained the rejection of claims 27, 44-48, 50, 
51, 56-59, 79, and 81-83 under 35 U.S.C. § 103(a) as being unpatentable over Al-Hasani etal. 
(J. Biol. Chem. 273(28): 17504-175 10, 1998) in view of Clancy etal. (US20030087259); 
additionally in view of Paquereau et ai {Anal. Biochem. 204(1): 147- 151, 1992) for claims 38- 
43, 84, and 85; additionally in view of Standaert etal. (J. Biol. Chem. 272(48):30075-30082, 
1997) for claim 49; and additionally in view of McSwiggen etal. (U.S. Patent No. 7,022,828) 
for claims 52-55. 
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(2) Al-Hasani et al does not describe the transfection or electroporation of adipocytes with 
siRNA. Rather, Al-Hasani et al describes the transfection of adipose cells with DNA and DNA 
expression plasmids in order to characterize the mechanism of GLUT4 endocytosis by 
overexpressing a dominant-negative mutant of dynamin-1 in rat adipose cells. 

Clancy et al teach diagnostic assays for detecting bone and cartilage formation and 
therapeutic methods for treating disease and disorders related to bone and cartilage formation or 
resorption. Clancy et al teach siRNAs as potential agents for "blocking or reducing the 
expression of a gene or the activity or level of the encoded polypeptide that is modulated, e.g., 
upregulated, during normal bone or cartilage formation" (see e.g., para. 0239)). 

There is no basis in Al-Hasani et al. in view of Clancy et al. for providing any reasonable 
expectation of success in electroporating adipocytes with siRNA, as claimed in the present 
invention, for the following reasons: 

(a) One of ordinary skill in the art would not have been motivated to substitute the 
DNA plasmids transfected in Al-Hasani et al with the siRNAs disclosed by Clancy et al as an 
agent capable of blocking gene expression. The mere fact that Clancy et al lists siRNAs and 
dominant negative mutants as potential gene blocking compounds in a more extensive list of 
gene blocking compounds, e.g., antisense molecules, ribozymes, triplexes, aptamers, does not 
arise to the level of a motivation to select one specific member from the recited antagonist list 
for use in the featured methodology. 

(b) One of ordinary skill in the art one would not have had a reasonable expectation 
that a substitution of the DNA plasmids of Al-Hasani et al with the siRNAs disclosed by Clancy 
et al would result in success. Specifically, it was well known in the art at the time of filing that 
electroporation of DNA into adipocytes only leads to the successful expression of DNA in only a 
small minority of the adipocytes {approxhnately 1-10% 1 ). In contrast, in order for siRNA to 
successfully silence the gene of interest, i.e., mediate RNA interference, as currently claimed, it 
is required that virtually all of the adipocytes (approximately 100%) take up functional siRNA. 
Since the successful electroporation of DNA into adipocytes is typically less than 10% 
efficient, it would not have been obvious to one of ordinary skill in the art at the time of filing 
of the instant invention that electroporation of siRNA into adipocytes would be nearly 100% 
efficient 1 . 

1 See, e.g.. page 40, lines 15-17 of the instant specification. 

Using labeled siRNA , Figure IB, left panels, and Example 2, page 40, lines 1-17, of the specification demonstrate that the 
eiectroporauon ot siKNA into adipocytes was, unexpectedly., nearly 100% efficient. 
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A skilled artisan would have had an appreciation of these significant differences and 
would not have reasonably expected that mere substitution of the siRNAs of Clancy etal. for the 
plasmid DNAs transfected in Al-Hasani et al would be successful. 

(c) The secondary references of Paquereau et al., Standaert et al, and McSwiggen et 
al. fail to cure the deficiencies of the Al-Hasani and Clancy references. Specifically, Paquereau 
describes the transfection of hepatocyte cells with DNA, Al-Hasani is describes the study of 
insulin stimulation in glucose transport by transfection of rat adipocytes with plasmid DNA , and 
McSwiggen teaches the general use of modified siRNA oligonucleotides which modulate the 
expression or function of IKK genes, in several cell types, none of which include adipocytes. 
Thus, these secondary references fail to rectify the deficiency of teachings of the Al-Hasani and 
Clancy references. 

(3) The art is replete with teachings which support the non-obviousness of the present 
invention. Following are several examples demonstrating the difficulty of transfecting 
adipocytes with siRNA and the successful use of the present invention to electroporate 
adipocytes with siRNA: 

(a) As demonstrated in Appendix A, in. 2006 Robinson et al. state that Adipocytes 
are difficult to transfect, and until recently, successful siRNA transfection was achieved only via 
electroporation" (see, e.g., page E885, second column, third full paragraph). Robinson etal. go 
on to cite a 2004 scientific publication of one of the inventors of the instant application, M 
Czech, as the group which was successful in transfecting adipocytes with siRNA using 
electroporation. 

(b) As demonstrated in Appendix B, the 2006 Panomics DeliverX Plus siRNA 
Transfection Kit Brochure discloses that "[t]ransfection of siRNA into differentiated 3T3-L1 
adipocytes... has only been accomplished by electroporation" (see, e.g., first page, left column) 
and specifically references the 2003 Proceedings of the National Academy of Sciences scientific 
publication by the instant inventors which corresponds to the instant patent application. This 
Brochure goes on to further disclose that "adipocytes... represent one of the most difficult-to- 
transfect cell lines used routinely in cell biology studies" (see, e.g., page 2, right column, 
second full paragraph) (Emphasis added). 
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(c) As demonstrated in Appendix C, Jain discloses that ''adipocytes are fully 
differentiated cells with no proliferation and are thus difficult to transfect by either RNAi or 
ASO approaches" (see, e.g., page 308, middle column, first paragraph) (Emphasis added). 

(d) As demonstrated in Appendix D, Venugopal et al. disclose that "adipocytes... 
proved difficult to transfect efficiently with siRNA" (see, e.g., page 1 7 122, second column, first 
full paragraph) (Emphasis added). 

(4) In conclusion, we hereby declare that there is no basis in Al-Hasani et al. in view of 
Clancy et al. for providing any reasonable expectation of success in electroporating adipocytes 
with siRNA, as claimed in the present invention. Furthermore, the secondary references of 
Paquereau et al, Standaert et al, and McSwiggen et al. fail to cure the deficiencies of the Al- 
Hasani and Clancy references. 

We hereby declare that all statements made herein of our own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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RNAi and siRNA in target validation 

Kewal K. Jain. Blaesiring 7, 4057 Basel, Switzerland, e-mail: jain@pharmabiotech.ch 



Gene silencing by RNA interference 
(RNAi) technologies has made 
considerable progress in the last few 
years [1] and small interfering RNAs 
(siRNAs) have become a preferred 
modality for target validation, which 
was the therne of the 4th Internationa/ 
Conference on RNAi and siRNA, organized 
by IBC Life Sciences in Zurich, 
Switzerland from 3-4 February 2004. 

Genomic and proteomic technologies 
have helped to discover a plethora of 
drug targets, in turn creating a bottleneck 
in the drug discovery process that is being 
tackled with target validation using RNAi 
technologies. However, the problems of 
delivery and off-target effects, as well as 
poor tissue distribution, present 
significant challenges, as pointed out 
by Clive Jackson of AstraZeneca 
(http://www.astrazeneca.com) in his 
opening talk. Success criterion at 
AstraZeneca is 85% of message knockout 
and this was achieved for a kinase in 
the synovial fibroblast. The Global 
Target Validation Network within 
AstraZeneca is monitoring the success 
of siRNA across the company in 
different biological systems and disease 
areas. The design of siRNA experiments 
draws on general observations on gene 
silencing studies with RNase H antisense 
as well as experience with siRNA 
sequence selection and delivery 
optimization. Jackson pointed out that 
it is often necessary to confirm function 
by alternative approaches to siRNA in a 
full target validation package. 

Sumedha Jayasena of Amgen 
(http://www.amgen.com) reviewed the 
benefits and drawbacks of RNAi for target 
validation. Certain siRNAs can silence 
'off-targets', induce an interferon response, 
silence chromatin and lead to false 
conclusions on end points. To maximize 



the benefits of using siRNA, Jayasena 
called for a better understanding of the 
mechanism of siRNA action, intelligent 
approaches to siRNA design and 
chemical modification, and better 
screening for non-specific effects. 
To avoid undesirable effects of siRNAs, 
one should identify highly potent siRNAs 
that can be effective at low nanomolar 
concentrations. Internal stability of siRNAs 
should be achieved during the design 
stage to reduce participation of the sense 
strand. Finally, chemical modification of 
siRNA can reduce or eliminate 
nonspecific and off-target effects. 

RNAi in mode! systems 

Andreas Kbpke of Devgen 
(http://wvm.devgen.com) described the 
use of model systems for target validation 
and identification. Caenorhabditis elegans 
forms the basis of Devgen technology, 
which involves finding C.elegans 
homologs of potential human gene 
targets that require validation. Selective 
RNAi knockdown or knockout technology 
is applied to these genes to study 
expression patterns and a phenotypic 
profile is compiled. This information 
leads to the identification of pathways 
influenced by the target and its relevance 
for the disease. The advantages of this 
approach include the use of a genome- 
wide library for every assay, applicability 
throughout the life cycle, the controllable 
strength of knockdown, assay speed and 
low cost, although the disadvantages are 
that the degree of knockout can vary 
between genes and it is difficult to tackle 
neurological targets. Genes involved in 
obesity have been identified using this 
approach and mice with a targeted 
disruption of the stearoyl-CoA desaturase-1 
(SCD-1) isoform have reduced body 
adiposity and increased insulin sensitivity 



[2]. A genome-wide RNAi screen 
identified druggable targets that reverse 
disease and two of these have progressed 
to lead selection. Validation of these 
targets has also been conducted in 
mammalian models using gene 
knockdown by lentiviral-mediated 
transduction of short hairpain RNA 
(shRNA). Christophe Echeverri of Cenix 
Bioscience (http://www.cenix.com) 
presented a multispecies platform using 
C. elegans and Drosophila, as well as 
human cells, for high -through put RNAi; 
94% of siRNAs passed a silencing 
potency test, which involved high- 
throughput-high content assays and 
targets such as kinases, G-protein- 
coupled receptors and phosphatases, 
whereas 6% were rejected, and class- 
focused libraries are available for kinases 
and G-protein coupled receptors. 

An integrated approach 

An integrated approach to gene silencing 
was presented by Bettina MookeJ (QIAGEN; 
http://www.qiagen.com/siRNA). Four 
siRNA duplexes targeted against the 
gene of interest were designed using 
an advanced algorithm and stringent 
homology analysis. Mockel also discussed 
the RNAiFect transfection reagent, which 
is based on a lipid formula developed 
specially for transfection of siRNA into a 
wide range of eukaryotic cells. Using a 
state-of-the-art design algorithm licensed 
from Novartis Pharrna, QIAGEN is 
increasing the success rate (% active 
siRNAs) of gene silencing to a high level. 
Based on this, QIAGEN will be providing 
two siRNAs against the gene of interest, 
with the guarantee that at least one of 
them will reduce gene expression of the 
target mRNA by at least 70%. This 
presentation indicated that approaches 
to gene silencing should take into 
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consideration design, synthesis and 
delivery of siRNA as well as downstream 
analysis, and the last two factors should 
be automated processes. 

siRNA delivery issues 
Hans Winkler of Johnson & Johnson 
(http://www.jnj.com) emphasized that 
the delivery into cells was still the 
biggest hurdle in using siRNA. Cationic 
liposomes are promising for this purpose 
but are toxic. Although polyamines and 
peptides are less toxic, they are difficult 
to attach to siRNA. MPG is derived from 
the fusion peptide domain of HIV-1 
gp41 protein and MPG peptide-siRNA 
complexes have been used for in vivo 
acute silencing studies. Lentiviral vectors 
and herpes simplex viruses (HSV) are 
used as vectors for central nervous 
system targets. There is insufficient 
experience with transgenic expression of 
shRNA and it is limited mainly to Pol II 
promoters, which have no regulatory or 
tissue specificity. Winkler cited previous 
work showing that it is possible to 
express long double-strand RNA (dsRNA) 
from an RNA polymerase II (Pol II) 
promoter using a vector, named pDECAP 
[3] Because the transcripts from pDECAP 
lack both the 5'-cap structure and the 
3'-poly(A) tail that facilitate dsRNA export 
to the cytoplasm, long dsRNA does not 
leave the nucleus and hence does not 
induce the interferon response. It was 
concluded that the in vitro potential of 
RNAi is being met but more phenotypic 
in vivo data is needed to make a final 
judgment on the utility of RNAi. 

Antisense and RNAi 

Tatjana Achenback (Aventis; 
http://www.aventis.com) discussed 
the in vitro applications of RNAi and 
antisense oligonucleotides (ASOs) as a 
means of target validation. Transfection 
protocols using FITC-labeled control 
siRNAs and ASOs show that even 
differentiated cells are susceptible to 
knockdown technologies. Mouse 3T3-L1 
fibroblasts were used as an in vitro model 



of diabetes, which were changed into 
adipocytes by treatment with 
dexamethasone and insulin. However, 
adipocytes are fully differentiated cells 
with no proliferation and are thus 
difficult to transfect by either RNAi or 
ASO approaches. Moreover, RNAi in 
model systems for metabolism interferes 
with functional assays. A proposed 
solution for this situation is retroviral 
vectors for antisense delivery as an 
alternative to the use of lipid vectors. 
In most of the validation assays, siRNAs 
were found to be superior to ASOs 
owing to greater efficacy or lower 
toxicity but general problems of delivery, 
stability of proteins and cellular system 
were applicable to both approaches. 

Adenoviral-mediated functional 
screening 

The use of adenoviral vectors for the 
delivery of small RNAs into cells was 
discussed by Frank Weise of the Natural 
and Medical Science Institute, University 
of Tubingen (http://www.nmi.de). 
The endogenous adenoviral expression 
of short hairpin RNA (shRNA) acts as a 
precursor to the formation of siRNA. 
The infection protocol is standardized 
by multiple assays. Parallelization and 
miniaturization is achieved by 
immobilization of adenoviral vectors. 
Adenoviral-mediated knockout thus 
meets the requirement of functional 
genomics. 

Functional screening of the genome 
can also be accomplished using arrayed 
adenoviral libraries, as discussed by 
Helmuth van Es of Galapagos Genomics 
(http://www.galapagosgenomics.com). 
SilenceSelect™ and FlexSelect™ 
platforms, which are being applied to 
core disease programs that include 
Alzheimer's disease, rheumatoid 
arthritis, osteoarthritis and osteoporosis. 

Non-viral RNAi-mediated gene 
knockdown 

James Hagstrom of Mirus Corporation 
(http://www.RNAinterference.com) 



described RNAi delivery to target tissues 
in vivo using intravascular delivery under 
hydrodynamic pressure. Following a 
single tail vein injection, endogenous 
gene knockdown of 15-40% was 
achieved in 30-70% of hepatocytes. 
The key issue with this approach is the 
identification of effective knockdown 
sequences of siRNA and shRNA. Non- 
viral particles (plasmid DNA) and 
synthetic vectors can be used for in vivo 
target validation using RNAi and for 
therapeutic delivery of RNAi, and siRNA- 
containing particles exhibited increased 
serum stability and decreased toxicity. 
As well as intravascular delivery, an 
injection can be made directly into 
tissues or, alternatively, aerosol 
instillation can be used. Mirus has 
developed a transfection reagent 
(TranslT-TKO), an amphipathic 
polyamine and lipid mixture, specifically 
designed for siRNA delivery in vivo. 
Formulations have also been designed 
and optimized for individual cell lines. 

siRNA-based therapeutics 

Although RNAi is a dominant target 
validation technology, little effort has 
yet been made in the development of 
siRNA-based therapeutics. Nassim 
Usman of Sirna Therapeutics 
(http://www.sima.com) reviewed 
preclinical studies of chemically 
modified siRNAs in animal models. Sima 
is developing RNAi-based therapeutics 
that selectively target disease-causing 
genes and viruses. The focus is on 
developing siRNAs that target vascular 
endothelial growth factor for the 
treatment of macular degeneration. 

Another company that is 
developing therapeutic applications 
for RNAi is Intradigm Corporation 
(http://www.intradigm.com). Patrick Lu 
described Intradigm's approach for siRNA 
delivery to disease models, particularly 
tumors via systemic delivery. siRNA can 
be used for the validation of tumorigenic 
targets as well as for therapeutic 
development and because siRNA is highly 
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sequence-specific, selective knockdown 
of tumor-causing mutants has 
tremendous therapeutic potential. 

Concluding remarks 

This was an excellent conference that 
included important contributions from 
several experts over two days. The 
advantages and limitations of RNAi 



approaches to the important topic of 
target validation were discussed. More 
importantly, measures were suggested 
to remedy some of the drawbacks of 
the new technologies. 
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Over the past decade, huge advances in 
science have been made in areas such 
as genomics and proteomics, including, 
most significantly, the completion of 
the draft human genome sequence. 
Additionally, there has been an increase 
in spending in the pharmaceutical 
industry. However, these monumental 
steps forward have to date had little 
impact on our ability to combat and 
cure many human diseases and over the 
last ten years the number of marketable 
drugs has not significantly increased. 

The process of getting a drug to 
market is long and arduous. Many 
promising targets and drugs fail along the 
way, costing time and millions of dollars. 
The process involves identifying and 
then validating a target, ultimately in 
human clinical trials, which still take the 
same amount of time as they did in years 
past. However, many inroads have been 
made in trying to shorten the time taken 
to identify targets and the use of model 
organisms has helped in this regard. 
These systems provide several advantages, 



including available genetic and molecular 
tools, cost, and short reproductive and 
generation times. Additionally, 
experiments in model systems are 
conducted in an intact organism. 

Model systems have been used for 
decades for scientific study. Often, they 
provide an advantage for processes 
that seem too complex for study in 
more complex eukaryotes. Additionally, 
many of these studies have been 
groundbreaking (for example, the 
discovery of cell death genes in 
Caenorhabditis elegans), opening up new 
areas of study in mammals, including 
humans. Recently, many drug companies 
have begun to use model organisms as a 
faster, cheaper method to identify new 
drug targets. In the new book edited by 
Carroll and Fitzgerald, the use of model 
organisms in drug discovery is reviewed. 

The book begins with a brief overview 
and comparison of each model system 
discussed in the book. The chapters are 
then organized in such a way as to start 
from the simplest to the most complex 
organism when compared with humans, 
including budding yeast (Saccharomyces 
cerevisiae), nematodes (C. elegans), flies 
{Drosophila melanog aster), zebrafish 
(Danio rerio) and mice (Mus muscufus) . 
Chapters are written by a researcher 
from the pharmaceutical field who has 
worked or works with that organism 
and provides details on almost all of the 
methods that have been or can be used 
for that organism in the pursuit of drug 
discovery. Moreover, both the 



advantages and disadvantages of the 
organism in this effort are discussed. 
Chapter 3 is particularly enlightening 
because the authors discuss in great 
detail how one goes from model system 
to target identification and validation 
using C. elegans as a model for unipolar 
depression. 

This book is an invaluable resource 
for any researcher in the academic or 
private sector looking to expand into a 
model organism work because it reviews 
all available techniques for each model 
system. This is both an advantage as 
well as a limitation because, at times, 
chapters provide too little detail and 
are more like a good survey of available 
experimental techniques. However, this 
book should also be essential for any 
graduate level course on drug discovery 
or any researcher wanting to 
understand how model systems can be 
used in the laboratory. 

The availability and understanding 
of model organisms might provide new 
tools for both academic researchers and 
drug companies. One watches the next 
few years with interest to see if this 
impacts on our ability to combat the 
complex diseases that ail our society. 

Heidi A. TIssen baum 
Program in Gene Function and Expression 
Program in Molecular Medicine 
University of MassacJiusetts Medical ScJiool 
Aaron Lazare Research Building Suite 615 
364 Plantation Street 
Worcester. MA 01605, USA 
email: heidi. tissenbaum@umassmed.edu 
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dependent signal pathway that regulates plasminogen 
activator inhibitor-1 in insulin-resistant adipocytes 
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Plasminogen activator inhibitor-1 (PAI-1) plays an important role in 
the pathogenesis of obesity-driven type 2 diabetes mellrtus and 
associated cardiovascular complications. Here, we show that per- 
turbation of caveolar microdomains leads to insulin resistance and 
concomitant up-regulation of PAI-1 in 3T3L1 adipocytes. We 
present several lines of evidence showing that the phosphatidyl- 
inositol 3-kinase (PI3K) pathway negatively regulates PAI-1 gene 
expression. Insulin-induced PAI-1 gene expression is up-regulated 
by a specific inhibitor of PI3K. In addition, serum PAM level is 
elevated in protein kinase Be* -deficient mice, whereas it is reduced 
in p70 ribosomal S6 kinase 1-defkient mice. The PI3K pathway 
phosphorylates retinoblastoma protein (pRB), known to release 
free E2 (adenoviral protein) factor (E2F), which we have previously 
demonstrated to be a transcriptional repressor of PAI-1 gene 
expression. Accordingly, cell-penetrating peptides that disrupt 
pRB-E2F interaction, and thereby release free E2F, are able to 
suppress PAI-1 levels that are elevated during insulin-resistant 
conditions. This study identifies a caveolar-dependent signal path- 
way that up-regulates PAI-1 in insulin-resistant adipocytes and 
proposes a previously undescribed pharmacological paradigm of 
disrupting pRB-F2F interaction to suppress PAI-1 levels. 

diabetes 

Type 2 diabetes meilitus (T2DM) is characterized by insulin 
resistance, where the insulin receptor (IR) fails to elicit the 
metabolic signaling that is required for glucose metabolism and 
energy homeostasis. In insulin-sensitive tissues, the IR trans- 
duces two main signaling cascades: a metabolic signaling that is 
responsible for glucose uptake and glycogen synthesis and a 
mitogenic signaling that is responsible for cell proliferation and 
growth. The IR substrate (IRS)-phosphatidylinositol 3-kinase 
(PI3K)-protein kinase B (PKB) and Cbl-CAP-Flotillin pathways 
represents the major metabolic signaling, whereas the Shc-Ras- 
extracelluiar regulated kinase (Erk) pathway represents the 
major mitogenic signaling (1 ). Both in animal models and clinical 
T2DM subjects, a selective impairment of metabolic signaling 
has been observed, whereas mitogenic signaling is more or less 
unaffected (2-4). 

Obesity is prominent among the plethora of factors that leads 
to the development of T2DM, although the molecular mecha- 
nism underlying the pathogenesis of obesity-driven T2DM is not 
well understood. Comparative analysis of large and small fat cells 
within the same fat pad reveals a 2-fold reduction in the levels 
of plasma membrane cholesterol in large fat cells, suggesting that 
a decrease in membrane cholesterol is characteristic of adipocyte 
hypertrophy per se (5). Recently, it has been proposed that the 
protein levels of caveolin-1 and -3 are inversely correlated to the 
body-mass index. 5 Plasma membrane cholesterol (6) and caveo- 
lins (7) are indispensable for the structural and functional 
integrity of caveolar microdomains. We therefore reasoned that 
obesity might lead to caveolar dysfunction. Because the IR and 
several of its downstream signal transducers are localized in 
caveolae (8), it was intriguing to investigate whether caveolar 
dysfunction could lead to insulin resistance. 



There is compelling evidence that plasminogen activator 
inhibitor-1 (PAI-1), whose levels are elevated in both obesity and 
T2DM, plays an important role in the development of cardio- 
vascular disorders (9). PAI-1, a primary physiological inhibitor 
of plasminogen activators (uPA and tPA), inhibits both fibrino- 
lysis and proteolysis and plays an important role in mediating the 
cardiovascular complications associated with T2DM such as 
nephropathy (10), retinopathy (11), coronary artery disorders 
(12), and hypertension (13). Consequently, it is believed that 
normalizing plasma PAI-1 levels will retard the progression of 
cardiovascular complications (14). Insulin-induced Erk phos- 
phorylation, followed by the activation of transcription factors of 
the AP-1 family, is considered to be partly, if not wholly, 
responsible for insulin-induced PAI-1 up-regulation in insulin- 
sensitive tissues (15, 16). However, because the mitogenic mi- 
togen-activated protein kinase pathway is not affected during 
hyperinsulinemic conditions, such as insulin resistance or 
T2DM, this pathway is unlikely to be the primary cause of PAI-1 
elevation during these pathological conditions. It is, therefore, 
intriguing to investigate whether insulin induction of PAI-1 
during T2DM can be explained by directly linking the compro- 
mised PI3K pathway to PAI-1 up-regulation. Interestingly, it has 
been shown that IR-mediated activation of metabolic signaling 
(PI3K pathway) induces the phosphorylation of retinoblastoma 
protein (pRB) in adipocytes (17). pRB phosphorylation is 
known to lead to the release of free E2 (adenoviral protein) 
factor (E2F) (18). We have demonstrated (19) that E2F tran- 
scription factors can negatively regulate PAI-1 gene expression 
by repressing PAI-1 promoter activity independently of its 
binding to pocket proteins, revealing a novel mechanism for the 
E2F- media ted repression of gene expression. In this study, we 
investigate whether caveolar dysfunction can lead to insulin 
resistance, and whether the resulting impairment of the PI3K- 
PKB-E2F pathway can by itself lead to the up-regulation of 
PAI-1. We also explore the pharmacological disruption of the 
E2F-pRB interaction to release free E2F, which we hypothesize 
will attenuate PAI-1 transcription and hence its plasma level. 
Adipocytes are chosen for this study, because they are respon- 
sible for obesity, abundant in caveolae (20), highly sensitive to 
insulin (>200,000 receptors per cell) (21), the primary site for 
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insulin resistance (22), and a major contributor of plasma PAI-1 
in the obese (23). 

Materials and Methods 

Reagents. Methyl- /3-cycio dextrin (MBCD) and filipin III were 
obtained from Sigma. Monoclonal antibodies against E2F1 
(KH-95) and E2F2 (TFE-25) and rabbit polyclonal antibodies 
against E2F3 (C-18), E2F4 (C-20), E2F5 (C-20), pRB (M-153), 
P 130 (C-20), pl07 (C-18), IRS-1 (C-20), Erk, and PAI-1 (H-135) 
were from Santa Cruz Biotechnology. Rabbit polyclonal anti- 
bodies against phospho-pRB (Ser-795) and phospho-Erk were 
from Cell Signaling Technology (Beverly, MA). Rabbit poly- 
clonal antibodies against She and phospho-tyrosine (G410) were 
from Transduction Laboratories (Lexington, KY). Sheep poly- 
clonal antibody against PAI-1 was from American Diagnostics 
(Greenwich, CT). Ail reagents for real-time PCR were from 
Applied Biosystems. The oligonucleotide E2pro, the sequence of 
which corresponded to nucleotides -72 to -32 of the adenovirus 
E2 promoter and contained E2F-binding sites, had the following 
sequence (only the upper strand is given) and was used for 
gel-shift assays: 5' -GAT CAG TTT TCG CGC TTA AAT TTG 
AGA AAG GGC GCG AAA CTA G-3'. 

Adipocyte Differentiation. 3T3-L1 preadipocytes were cultured in 
DMEM containing 10% FCS, and 2 days after cells reached 
conf luency, the medium was changed to DMEM containing 10% 
FCS, 10 /Ag/ml insulin, 1 uM dexamethasone, and 0.5 mM 
isobutylmethylxanthine. Two to three days later, this medium 
was replaced with DMEM supplemented only with 10 /xg/ml 
insulin, and cells were kept for 2 days. The medium was then 
replaced with DMEM containing 10% FCS every 2 days. The 
cells were serum-starved overnight before experiments. 

tmmunopreciprtation and Western Blotting. Immunoprecipitation 
and Western blotting were performed as described (24). 

Glucose Uptake Assay. Measurements of 2-deoxyglucose uptake 
into adipocytes were carried out as described (25). 

RNA Isolation and Northern Blot Analysis. Total RNA (12 /xg) was 
isolated and subjected to Northern blot analysis as described 
(26). The cDNA clone for mouse PAI-1 was provided by A. 
Riccio (University of Naples, Naples). 

Quantitative Real-Time PCR. One microgram of total RNA was 
reverse transcribed and 1 /il of RT reaction was added to 24 /4 
of PAI-1 PCR reaction (IX universal master mix/900 nM 
forward primer [5'-CCTGGCCGACTTCACAAGTC-3']/900 
nM reverse primer (5 '-TTGCAGTGCCTGTGCTACAGA-3 ' ] / 
200 nM TaqMan probe [5'-FAM-TCCGACCAAGAGC-MGB- 
3']). Thermal cycling was done as follows: 50°C for 2 min, 
followed by 95°C for 10 min and then 45 cycles of 95°C for 1 min 
and 60°C for 1 min. The fluorophor dyes for the PAI-1 probe and 
18S rRNA (internal control) probe were 6-carboxyfluorescein 
and VIC, respectively. The quencher in both probes was tetra- 
methylrhodamine. The reaction was carried out in an ABI Prism 
7700. The output raw data were normalized with internal control 
and statistically analyzed by using MS EXCEL (Microsoft). 

Small Interfering RNA (siRNA) Nucleofection. siRNA used for tar- 
geting caveolin-1 mRNA has the following sequence: sense 
5'-GAGCUUCCUGAUUGAGAUU-3' and antisense, 5'' 
AAUCUCAAUCAGGAAGCUC-3'. Control siRNA se- 
quences: sense, 5 / -GUACCUGACUAGUCGCAGAAG-3' and 
antisense, 5'-UCUGCGACUAGUCAGGUACGG-3'. These 
sequences contain 3' UU overhangs. Specificities of these se- 
quences were confirmed by performing a blast search aeainst 
the GenBank/European Molecular Ecology Laboratory data- 



base. Each siRNA (final concentration 1 ptM) was mixed with 
NIH 3T3 cells overexpressing the human IR (NIH-IR) cell 
suspension (2 x 10* cells in 0.1 ml of buffer-T/transfection), 
transferred to a 2-mm electroporation cuvette, and eiectropo- 
rated by using an Amaxa Nucleofector (Amaxa, Cologne, Ger- 
many) by using the program a-23. After electroporation, cells 
were immediately transferred to 1 ml of growth medium, and 
cultured in six-well plates at 3TG until analysis. 

p70 Ribosomal S6 Kinase 1 (S6K1)-'" and PKB/J-'- Mice. PKBcy 
knockout mice were generated as described (27). S6K1 knockout 
mice (28) were kindly provided by G. Thomas (Friedrich Mi- 
escher Institute). The S6K1"''" mice and their wild-type coun- 
terparts were fed with high-fat diet for 5-6 months (required for 
hyperactivity of PI3K pathway) before their blood was taken by 
using tail punctures. PKJBoT " mice were fed with a normal chow 
diet. 

Cell-Penetrating Peptide Treatment. The sequence of the interfer- 
ing peptide of 18-aa length was derived from the pRB-binding 
region of E2F1 (amino acids 402-419: LDYHFGLEEGE- 
GIRDLFD) (29). A control peptide with the same amino acid 
composition, GEELEGFHDGLLDFDIR, was prepared by ran- 
domly shuffling the sequence of this peptide. Cell-penetrating 
peptides were prepared by coupling these peptides to the carboxy 
terminal of the cell-penetrating region of the HIV tat protein 
(amino acid 47-57: RRRQRRKKR) (30) via hinge peptide G. 
Differentiated adipocytes were separated from undifferentiated 
cells by using a Percoll density gradient as described (31) with a 
slight modification. Adipocytes were pretreatedwith collagenase 
(2 mg/ml) for 30 min, centrifuged at 1,500 rpm (Sorvall H4000, 
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Fig. t. Effect of cholesterol depletion on insulin signaling. 3T3L1 adipocytes 
were treated with 0, 4, or 8 mM MBCD for 40 min, followed by insulin 
treatment (100 nM) for 10 min, and then whole-cell extracts were prepared. 
The cell lysates were fractionated by SDS/PAGE, followed by Western blotting 
analysis using the specific antibodies indicated. For the analysis of IRS-1 and 
She, the lysates were first immunoprecipitated by using IRS-1 and She anti- 
bodies, respectively, before Western blotting. {A) Analysis of PKB and IRS-1. 
molecules involved in the metabolic signal pathway, (fl) Analysis of the IR (IR) 
and its mitogenic signal transducers She and Erk. (Q Effect of MBCD on 
insulin-induced glucose uptake. Adipocytes were treated similarly as above 
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Sorvall) for 5 min at 4°C, and mixed with Percoll solution (1 025 
g/ml) to form a homogenous suspension. The cell suspension 
was then layered on preformed Percoll solution (1.035 g/ml) and 
c^ntnruged at 3,000 rpm (Sorvall H4000, Sorvall) for 20 min at 
4 C. The cells collected from the upper layer were resuspended 
in media and reseeded for the experiment. The penetrating 
peptide was added to cells, incubated for 16 h, and then subjected 
to various treatments. 

Nuclear Extracts and Electromobility-Shift Assays. Nuclear extracts ( 5 
HZ) were first incubated at room temperature for 15 min in 20 u[ 
of binding reaction mixture containing 50 mM KCl, 20 mM Hepes 
(pH 7.9), 0.2 mM EDTA, 6% glycerol, 0.5% FicoU 400, 1 ug of 
salmon sperm DNA, 6 n of BSA, and 1 mM DTT with or without 
penetrating peptide and antibodies, followed by a further 15-min 
incubation after addition of 0.3 ng of radiolabeled oligonucleotide 
probes. Oligonucleotide probes were radiolabeled by using Esche- 
richia coli polynucleotide kinase and [ T - ?2 P]ATP. Aliquots (5 /xl) of 
reaction rnixture were separated in a 4.5% polyacrylamide gel run 
m Q15X TBE buffer (90 mM Tris/64.6 mM boric acid/23 mM 
EDTA, pH 8.3) at room temperature. The gel was dried and 
analyzed in a Phosphor Imager. 

Results 

Perturbation of Caveolar Function Mimics Insulin Resistance in 3T3L1 
Adipocytes. To find out whether caveolar dysfunction can cause 
insulin resistance, we perturbed the integrity of caveolar mi- 
crodomains and examined the subsequent effects on insulin 
signaling. Cholesterol depletion using MB CD, a reagent widely 
used to perturb the structural integrity of caveolae, was used 
MB CD pretreatment dose-dependently inhibited insulin- 
induced IRS-1 phosphorylation, PKB phosphorylation (Fig \A) 
and 2-deoxyglucose uptake (Fig. 1C). On the other hand, MB CD 
pretreatment did not affect insulin-induced phosphorylation of 
the £-subunit of the IR, She, or Erk (Fig. LB). MB CD treatment 
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alone (in the absence of insulin) was also found to increase the 
phosphorylation of p52 She and Erk-1/2, although to a lesser 
extent (Fig. IB). 

Induction of Insulin Resistance Leads to Concomitant Increase in PAI-1 
Gene Expression. To determine whether MBCD-induced insulin 
resistance leads to the up-regulation of insulin- induced PAI-1 
gene expression, we measured PAI-1 mRNA levels after insulin 
treatment with or without MBCD pretreatment. Results from 
both real-time PCR (Fig. 24) and Northern blot hybridization 
(Fig. 2C) show that MBCD dose-dependently increased insulin- 
m ^! d , PAM leVels ' To find out Aether this increase at the 
mRNA level is reflected at the protein level, PAI-1 protein levels 
were measured in the media. Corresponding to the mRNA 
levels insulin-induced PAI-1 protein levels were dose- 
dependently up-regulated by MBCD treatment. Filipin, a struc- 
turally distinct sterol-binding compound, also augmented the 
insulin -induced PAI-1 levels (Fig. 2B), suggesting that the 
observed MBCD effects were through perturbation of caveolae 
function per se. Fig. 2 A and B clearly show that the effect of 
cholesterol depletion synergistically up-regulated insulin- 
induced PAI-1 gene expression. To ascertain that the up- 
regulation of PAI-1 observed here is due to caveolar dysfunction 
and not due to an unspecific effect of cholesterol depletion we 
depleted the caveolin-1 protein using siRNA directed against 
caveolin-l mRNA. In this experiment, NIH-IR were used in- 

wfrh °p M^ P M^ e r' D Whi M h prOVCd difficuJt t0 Cransfect efficiently 
with si RNA. NIH-IR cells were chosen as the suitable alternative 
to adipocytes, because they are insulin-sensitive, rich in caveolae 
share a common cell lineage with adipocytes, and can be 
differentiated into adipocytes (32). This siRNA showed specific 
effects because it significantly lowered the caveolin-1 protein 
levels but did not affect the levels of other proteins such as Erk 
and tf-rubuhn (F.e. 2D). Furthermore, control siRNA had no 
effect on any of these proteins. Caveolin-1 siRNA treatment 
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Fig. 3. The role of the PI3K pathway in PAI-1 gene expression. {A) Serum 
PAI-1 levels of PKB-x"'", S6K1 mice, and their wild-type counterparts were 
analyzed by PAI-1 immunoprecipitation followed by Western blotting. The 
membranes were stained with Ponceau S for loading control. (0) 3T3L1 
adipocytes were treated with LY294002 (30 ^M) for 45 min, followed by 
insulin (100 nM) for 2 h. Total RNA was prepared and analyzed for levels of 
PAI-1 and GAPDH (loading control) mRNAs by Northern blot hybridization. (Q 
3T3L1 adipocytes were treated with increasing concentrations of either 
LY294002 or MBCD for 45 min, followed by insulin (100 nM) for 2 h r and the 
phosphorylation status of pRB and the protein levels of ^-tubulin (loading 
control) were measured by Western blotting. 

enhanced the levels of insulin-induced PAI-1 5-fold, whereas 
control siRNA had no significant effect (Fig. 2E). 

Impairment of PI3K Pathway Leads to Transcriptional Up-Regulation 
of PAI-1. To see whether the up-regulation of insulin-induced 
PAI-1 by caveolar dysfunction was a direct consequence of 
impaired metabolic signaling (PI3K pathway), we examined the 
levels of plasma PAI-1 in two different mouse models that are 
hallmarked by augmented (S6Kl _/ ~) and attenuated (PKBa _/ ") 
metabolic signaling. Activated S6K1 phosphorylates IRS-1 at 
serine residues and suppresses its tyrosine phosphorylation by 
LR. Thus, deletion of S6K1 augments PI3K signaling in these 
mice (33). On the other hand, PKB is a critical mediator of PI3K 
signaling. Thus, deletion of PKB would attenuate the PI3K signal 
pathway. As shown in Fig. 3A, plasma PAI-1 levels were up- 
regulated in PKB<* -/ - mice, whereas they were down-regulated 
inS6Kl~ / - mice. The negative regulation of PAI-1 gene expres- 
sion by the PI3K pathway was further confirmed in adipocyte cell 
culture, where PI3K inhibitor (LY294002) enhanced insulin- 
induced PAI-1 mRNA levels (Fig. 3B). Treatment with 
LY294002 and MBCD, both shown to inhibit the PI3K pathway, 
dose-dependently inhibited insulin-induced pRB phosphoryla- 
tion (Fig. 3C), thus providing a possible explanation of why PI3K 
pathway activation leads to the down -regulation of PAI-1 gene 
expression (see below). 

Disruption of pRB-E2F Interaction Using a Cell-Penetrating Peptide. 
Hypophosphorylated pRB is bound to E2F forming an inactive 
complex, whereas hyperphosphorylarion of pRB leads to the 
release of free E2F (18). We have previously shown that 
overexpression of E2F isoforms can down-regulate PAI-1 gene 
expression (19). It has also been shown that active pRB, which 
can bind to E2F, reverses this down-regulation (26). Taken 
together, these results suggest that free E2F acts as a transcrip- 
tional repressor of the PAI-1 gene. We have observed that pRB 
phosphorylation is increased, whereas E2F-1 protein levels are 
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Fig. 4. Effect of cell-penetrating interfering peptide on free E2F levels. (A) 
In ONA gel-shift assays using 32 P-iabeied E2pro oligonucleotide and nuclear 
extracts from adipocytes, cell-penetrating peptide (specific and control pep- 
tides) was added to binding reactions at increasing concentrations. (0) Nuclear 
extracts (day 8) were preincubated with the cell-penetrating interfering pep- 
tide together with specific antibodies against different E2F members for 15 
min and then analyzed for E2F DNA-binding activity by gel-shift assays as 
above. 



reduced during adipogenesis (data not shown), suggesting that 
E2F activity (corresponding to free E2F) may be compromised 
in differentiated adipocytes. To restore the potential of E2F- 
mediated transcriptional repression of the PAI-1 gene in adi- 
pocytes, we sought to release free E2F by disrupting the E2F- 
pRB complex using an interfering peptide that corresponds to 
amino acids 402-419 of E2F1, the domain interacting with the 
pocket proteins (29). A BLAST search revealed that this domain 
is fairly conserved among members of the E2F family (excluding 
E2F-6) and, therefore, the peptide that we designed may disrupt 
the pocket protein-E2F interaction in general. As a control, we 
used a peptide with a randomly shuffled sequence. To render 
these peptides cell-penetrable, an HIV-1 Tat-derived peptide 
sequence was tagged to these peptides (30). The avidity of these 
peptides to disrupt the E2F-pRB complex was confirmed by 
DNA gel-shift assays using adipocyte nuclear extracts and a 
radioactive oligonucleotide, the sequence of which corresponds 
to the E2F-binding site of the adenovirus E2 promoter. As shown 
in Fig. 4A, DNA-protein complexes shifted to low- molecular- 
weight forms when increasing concentrations of the specific 
peptide were added to binding mixtures; the control peptide had 
no effect. Supershift assays using specific antibodies against 
E2F1-5 revealed that the main isoforms in the freed E2F 
fractions were E2F3, -4, and -5 (Fig. 45). These peptides thus 
serve as an effective tool to disrupt endogenous E2F-pRB 
interactions. 

Elevation of PAI-1 Levels in Insulin Resistance Is Suppressed by the 
Cell-Penetrating Peptide. To examine whether interfering peptide 
treatment can compromise induction of PAI-1 by hyperinsulin- 
emia and insulin resistance, we performed the following exper- 
iments. Adipocytes were prepared according to Materials and 
Methods and were treated with either the specific or control 
peptide for 12 h followed by 1 /xM insulin for 2 h. As shown in 
Fig. 5A y the specific peptide, but not the control peptide, 
suppressed both basal and insulin-induced PAI-1 levels in a 
dose-dependent manner, the latter being more potently affected 
(Fig. SA). Furthermore, the specific peptide also suppressed 
PAI-1 expression that was up-regulated by MBCD-induced 
insulin resistance (Fig. SB). Again, the control peptide had no 
effect. 

Discussion 

Obesity is characterized bv increased adioocvte mass and altered 
adipocyte physiology. These traits contribute to the progression 
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Fig. 5. Effect of cell-penetrating interfering peptide on PAI-1 mRNA levels. 
iA) Dose-response of the peptides. 3T3L 1 adipocytes (day 8) were treated with 
increasing concentrations (0-40 ,cM) of either specific or control peptide for 
6h. followed by treatment with or without 1 jiM insulin for 2 h. Total RNA was 
prepared, and levels of PAI-1 and GAPDH (loading control) mRNAs were 
measured by Northern blot hybridization. Ribosomal RNAs were stained with 
methylene blue to serve as an additional control for equal loading and 
blotting. (8) Effect of the peptides on PAI-1 mRNA levels, which are elevated 
under insulin-resistant conditions. Cells were serum-starved and then treated 
with 40 of specific or control peptides for 1 2 h. Ce Ms were then treated with 
MBCD f or 40 m in. f ol lowed by insu lin (1 00 nM) f or 2 h. Tota I RN A was prep ared 
and analyzed for PAI-1 mRNA as above. 

from obesity to insulin resistance (34). Reductions in plasma 
membrane cholesterol and protein levels of caveolin-1 /3 are 
associated with adipocyte hypertrophy and obesity, respectively 
(5, 6). It is thought that this could lead to caveolar dysfunction, 
because plasma membrane cholesterol and caveolin are essential 
for the structural and functional integrity of caveolae (6, 7). To 
study the acute effects of caveolar dysfunction in adipocytes, we 
used cholesterol-scavenging reagents, such as MBCD, which are 
known to perturb caveolae in adipocytes (35). Kinetic studies 
have suggested that the vast majority of cholesterol scavenged by 
cyclodextrins is from the plasma membrane (36), where >90% 
of cellular cholesterol is known to reside (37). Treatment with 
MBCD did not affect insulin-induced tyrosine phosphorylation 
of the IR and its downstream mitogenic signaling, but impaired 
the IRS-PKB signal pathway that leads to glucose uptake (Fig. 
1 A and B). This suggests that cholesterol depletion and, 
presumably, consequent caveolar dysfunction would lead to 
insulin resistance. Consistently, it was recently reported that 
caveolin-1 ~'" and caveolin-3 mice, both known to have a 
dramatic reduction in caveolae, exhibit insulin resistance (38, 
39). Moreover, in adipocytes treated with TNF-a, the IR accu- 
mulated less in the detergent-insoluble low-density membrane 
fractions (microdomains) and shifted to the high-density frac- 
tions, suggesting a translocation of IR from caveolar to non- 
caveolar fractions (40). TNF-a is a potent inducer of insulin 
resistance (41) and PAI-1 gene expression (42). It is chronically 
elevated in conditions of obesity and is a major culprit in the 
pathogenesis of obesity- driven insulin resistance (41). Thus, 
denying the caveolar platform for IR signaling could be a 
plausible mechanism through which obesity per se and its 
secondary effectors elicit insulin resistance. Our hypothesis 
warrants further investigations into the structural and functional 
integrity of caveolae in obese and T2DM patients. 

Treatment of adipocytes with two structurally distinct choles- 
terol-depleting reagents (MBCD and filipin) leads to up- 
regulation of insulin-induced expression of PAI-1 mRNA and 



protein levels (Fig. 2A-C). Similar up -regulation is also obtained 
in NIH-IR cells after RNAi-mediated caveolin-1 down- 
regulation (Fig. 2E). Thus, perturbation of caveolae by depleting 
their integral components, either cholesterol or caveolin-1, leads 
to significant up-reguiation of insulin -induced PAI-1 gene ex- 
pression. MBCD alone induces PAI-1 mRNA to a certain extent 
(Fig. 2), but this level of induction can be explained by a slight 
activation of Erk, because Erk has been reported to up-regulate 
the PAI-1 gene by activating the AP-1 transcription factor (43). 
However, the MBCD -mediated synergistic increase in insulin- 
induced PAI-1 gene expression cannot be explained by Erk 
activation, because the extent of insulin -induced Erk phosphor- 
ylation (Fig. \B) was not affected by MBCD cotreatment. We 
therefore postulate an alternative mechanism for the up- 
regulation of insulin-induced PAI-I gene expression mediated 
by caveolar dysfunction (see below). 

Insulin-induced PAI-1 mRNA levels are augmented by treat- 
ment with a specific PI3K inhibitor, suggesting that the PI3K 
pathway inhibits PAI-1 gene expression (Fig. 3B). We show that 
the level of serum PAI-1 is increased in PKJBa~'~ mice, whereas 
it is reduced in S6K1 mice (Fig. 3A), The whole blood protein 
concentration in both PKBa and S6K1' 7 ' is similar to that of 
their wild-type littermates. These results suggest that the func- 
tional state of the PI3K pathway plays an important role in the 
regulation of PAI-1 gene expression. 

There are several reports of the PI3K pathway regulating 
pRB-E2F interactions in a cell-type-independent manner. Ac- 
tivation of PKB by inhibition of its phosphatases reduced the 
pRB phosphorylation and E2F1 release in C141 cells (44). In T 
lymphocytes, expression of active PKB is sufficient to induce 
E2F activity (45). In C33A cells, both wortmannin (PI3K inhib- 
itor) treatment and overexpression of PTEN (a negative regu- 
lator of the PI3K-PKB pathway) inhibited pRB phosphorylation, 
and this was reversed by coexpression of a catalytically active 
subunit of PI3K (46). In NIH 3T3 fibroblasts, epidermal growth 
factor-induced pRB phosphorylation and hence G] to S phase 
cell cycle progression were inhibited by both LY294002 and 
wortmannin (47). In agreement with the finding of Usui et al. 
(17), we show that LY294002 inhibits insulin-induced phosphor- 
ylation of pRB in 3T3L1 adipocytes. MBCD also shows similar 
effects (Fig. 3C), implying that impaired metabolic signaling, 
characteristic of insulin resistance, may reduce the phosphory- 
lation of pRB. Hypophosphoryiated pRB is known to bind 
E2F1-3 proteins and inhibits their activity either by directly 
binding to and masking the trans activation domain of E2F or by 
recruiting histone deacetylases (18). Reduction in pRB phos- 
phorylation, therefore, will result in the reduction of free E2F 
levels. We have previously shown (26) that free E2F can act as 
a repressor of PAI-1 gene expression in a variety of cell lines 
including U20S, T98G, SAOS2, LLC-PK1, and MEF cells^ 
suggesting that the E2F-mediated negative regulation of PAI-1 
gene expression is a general phenomenon independent of cell 
type. These observations taken together, we propose that the 
PI3K pathway in insulin signaling negatively regulates the PAI-1 
gene through phosphorylation of pRB and subsequent release of 
free E2F. This, in essence, is suggestive of differential regulation 
of PAI-1 gene expression by insulin; positive regulation through 
the mitogenic pathway, and negative regulation through the 
metabolic pathway (see Fig. 6, which is published as supporting 
information on the PNAS web site). The compromised meta- 
bolic pathway may explain why insulin-induced PAI-1 levels are 
up-regulated in states of caveolar dysfunction. 

It is widely accepted that PAI-1 levels are raised in conditions 
of obesity and insulin resistance (9) and play a key role in the 
development of cardiovascular complications in these patients. 
Recent studies show that PAI-1 knockout mice are resistant to 
hieh-fat-diet-induced obesitv and insulin resistance, although the 
underlying molecular mechanisms are not well understood (48, 
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49). In line with the data from Vuori et al (50) showing that 
vitronectin-Ov/33 integrin interaction facilitates insulin-induced 
IRS-1 activation, we had earlier proposed a model in which 
f A }'} . can ' nduce insulin resistance by binding to vitronectin and 
inhibiting its interaction with Oyp 3 integrin (51). This suggests 
that PAI-1 can be a cause as well as a consequence of insulin 
resistance, and reducing its levels may offer immense therapeutic 
value. Both basal and insulin-induced PAI-1 levels could be 
dramatically reduced by treating adipocytes with a cell- 
penetrating peptide that physically disrupts the pRB-E2F inter- 
action (Fig. 5A). Furthermore, the interfering peptide was also 
able to suppress the elevation of PAI-1 mRNA levels in insulin- 
resistant adipocytes (Fig. 5/3). These results strengthen our 
hypothesis that insulin negatively suppresses PAI-1 gene expres- 
sion through E2F proteins. 

Conclusion 

We have demonstrated that caveolar dysfunction leads to the 
selective impairment of the PI3K pathway in adipocytes. This 
compromises E2F-mediated suppression of PAI-1 gene expres- 
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Our work thus establishes a direct link between impaired PI3K 
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The Effectiveness of Double-Stranded Short Inhibitory RNAs 
(siRNAs) May Depend on the Method of Transfection v 
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ABSTRACT 



RNA interference (RNAi) is a recently described powerful experimental tool that can cause se- 
quence-specific gene silencing, thereby facilitating functional analysis of gene function. Conse- 
quently, we became interested in using RNAi to determine the function of aberrantly expressed 
ErbB3 in the KAS-6/1 human myeloma cell line. Despite the wealth of information available on the 
use of RNAi, dsRNA target design, and the transfection of dsRNA in vitro, little information is avail- 
able for transfecting dsRNA into nonadherent cells from any species. In the present study, we report 
that gene silencing of ErbB3 was not observed in myeloma cells when dsRNA targeting ErbB3 was 
introduced using conventional transfection agents and protocols that hare proved successful for sev- 
eral adherent cell Ones. Silencing of ErbB3, however, was observed in T47D cells, an adherent breast 
carcinoma cell line, using the same transfection methods, indicating that our target sequence was 
functional for gene silencing of ErbB3. Interestingly, ErbB3 was silenced in myeloma cells when the 
dsRNA target was introduced by electroporation. Thus, our studies illustrate the striking depen- 
dence of dsRNA-mediated gene silencing in some cells on the methods of dsRNA transfection. 

INTRODUCTION duced silencing complex (RISC), a nuclease complex 

RP ro P osed to have helicase acdvity, endonuclease activity 
NA interference (RNAi), a phenomenon first dis- and homology searching activity (Hammond et al 
covered in Caenorrhabditis elegans, is a response to 2001). Consequently, it is believed that the RISC com- 
double-stranded RNA (dsRNA) that can cause sequence- plex is able to unwind the bound double-stranded guide 
specific gene silencing (Fire et al.. 1998). At present, the RNA and then targets the homologous endogenous tran- 
mecharosm of this phenomenon is not entirely under- script via base pairing interactions. The endogenous tran- 
stood, but current models propose the involvement of script is subsequently cleaved by the RISC complex re 
two distinct steps (Hutvagner and Zamore. 2002). The suiting in downregulation or silencing of the gene ' 
first, initiation step involves cellular uptake or input of The utility of this discovery for quickly ana easily de- 
long sn-ands of dsRNA and the subsequent enzymatic di- termining the function of a gene was immediately recog- 
gest of these strands into 2 l-23-nucleoude (nt) small in- nized and led to an examination of the ability of chemi- 
terfenng RNAs (siRNAs), which are often referred to as cally synthesized siRNA duplexes to silence genes of 
guide RNAs" (reviewed in Hannon, 2002). In the sec- interest. Indeed, several groups have now described suc- 
ond, effector step, the guide RNAs bind to the RNA-in- cessful results of specific gene silencing using siRNA 
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duplexes (Dudley et al. t 2002; Harborth et al., 2002; Li et 
al., 2002; Matuliene and Kuriyama, 2002; Tijsterman et 
al., 2002; Tuschl et al., 1999). Because of its early suc- 
cess, RNAi has become one of the hottest techniques 
since the invention of PCR. Consequently, we became 
interested in using RNAi to determine the function of 
aberrantly expressed ErbB3 in the KAS-6/1 human 
myeloma cell line. It is noteworthy, however, that suc- 
cessful use of RNAi in human cells, with only one excep- 
tion (Wilda et al., 2002), has been accomplished using 
adherent cells. Our goal in this study was to further ex- 
plore the feasibility of using RNAi in nonadherent hu- 
man cells. In this report, we describe the methods that al- 
lowed us to use RNAi to silence ErbB3 in this cell line. 
Our results clearly illustrate that gene silencing using 
RNAi in this nonadherent cell line is critically dependent 
on the methods used to deliver RNA duplexes into the 
cell. 



MATERIALS AND METHODS 

Cell lines, culture medium, and reagents 

The myeloma ceU line, KAS-6/1, was derived from 
primary patient myeloma cells and has been described 
previously (Wcstendorf et al., 1996). This cell line was 
maintained in RPMI 1640 medium supplemented with 
5% heat-inactivated fetal bovine serum (FBS), 100 U/ml 
penicillin G, 50 ^g/ral gentamicin, 100 ^g/ml strepto- 
mycin. 2 mmol/L glutarnine, and 1 ng/ml interleukin-6 
(IL-6) (Novartis Pharma AG, Basel, Switzerland). The 
breast adenocarcinoma cell line T47D was purchased 
from ATCC and maintained in DMEM supplemented 
with 10% heat-inactivated FBS, 100 U/ml penicillin G, 
50 /ig/mJ gentamicin, 100 fLg/ml streptomycin, and 2 
mmol/L glutarnine. Ohgofectamine, Cellfectin, and DM- 
RIE-C were purchased from Invitrogen (Carlsbad, CA). 

Flow cytometry 

To assess successful transfection of the fluorescein-la- 
beled luciferase- specific siRNA duplex, cells were 
washed three times in ice-cold phosphate-buffered saline 
(PBS)/2% FBS to remove any surface-bound complex 
and then fixed in 1% paraformaldehyde. Immunofluores- 
cence was detected using a FACScan flow cytometer 
(Becton Dickinson, Mountain View, CA). For measuring 
ErbB3 expression, 1 X 10 6 cells were incubated with an 
ErbB3 monoclonal antibody (mAb) (Neomarkers, Inc., 
Fremont, CA) for 30 minutes on ice in PBS/2% FBS, 
washed, and then incubated with phycoerythrin (PE)- 
conjugated goat antimouse IgG (Biosource International, 
Camarillo, CA) for another 30 minutes. Expression of 
gpl30, insulin-like growth factor-I (IGF-IR), and VLA-4 
(oc4 integrin) was assessed via incubation with either PE- 
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conjugated or FITC-conju gated receptor-specific Abs 
(Immunotech, Marseille, France; Molecular Probes, Eu- 
gene, OR; Serotec, Oxford, U.K., respectively) for 30 
minutes on ice. Syndecan-1 expression was determined 
using an FTTC-conjugated CD 138 mAb (Serotec). All 
cells were then washed, fixed in 1% paraformaldehyde, 
and analyzed for immunofluorescence on a FACScan 
flow cytometer, To distinguish between intracellular and 
extracellular fluorescence, cells were incubated with or 
without a 0.2% solution of trypan blue for 5 minutes 
(Van Amersfoon and Van Strijp, 1994). Cells were 
washed twice with PBS and fixed as usual. The collected 
data were analyzed using WinMDI 2.5 software. The 
change in mean fluorescence intensity (AMFI) was cal- 
culated by dividing the MFI resulting from staining with 
the receptor-specific Ab by the MFI resulting from stain- 
ing with the isotype control Ab. 

Immunoprecipitation and immunob lotting 

Following transfection, myeloma cells were cultured 
in RPMI supplemented with 10% FBS and IL-6, and 
breast carcinoma cells were cultured in DMEM medium 
supplemented with 10% bovine serum albumin (BSA) 
for 24, 48, 72, or 96 hours. Cells (5X10*) were lysed in 
lysis buffer containing 50 mM Tris, pH 7.4, 150 mM 
NaCl, 1% NP-40. 0.5% DOC, 0.1% SDS, 1 mM EDTA, 
15 mM sodium molybdate, 1 mM Nap, 10 /xg/ml leu- 
peptin, 10 Mg/ml aprotinin, 10 /xg/ml pepstatin, 2 mM 
Na 3 V0 4 , and 1 mM PMSR Lysates were cleared of in- 
soluble material by centrifugation for 10 minutes at 
14,000 rpm. Whole cell lysate (75 /xg) was diluted 1:1 
with 2X SDS loading buffer, heated to 100°C for 5 min- 
utes, resolved by SDS-PAGE, and transferred to Immo- 
bilon-P membranes (Millipore Corp., Bedford, MA) for 
immunoblotting. Membranes were blocked for 1 hour in 
25 mM Tris-HCI, pH 7.2, 150 mM NaCl, and 0.2% 
Tween (TBST) supplemented with 2% BSA. Im- 
munoblotting for ErbB3 was detected by a 1:1000 dilu- 
tion of anu-ErbB3 mAb (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA), and horseradish peroxidase (HRP) -con- 
jugated polyclonal antirabbit IgG (Amersham Pharmacia 
Biotech Inc., Piscataway, NJ) was used as the secondary 
at a dilution of 1:3000. Immunoreactive proteins were 
detected using an enhanced chemiluminescence (ECL) 
detection system (Super Signal, Pierce Biotechnology, 
Inc., Rockford, IL) and autoradiography. 

Source of dsRNA molecules and transfection 
using Oligofectamine, Cellfectin, and DM RIE-C 

The pGL2 siRNA duplex (target 5'-CGTACGCG- 
GAATACTTCGA-3'), ErB3 siRNA duplex (target 5'- 
AACCA ATACCAGACACTGTAC-3 '), IGF r IR siRNA 
duplex (target 5'-CTACGCCCTGGTCATCTTC-3'). 
and survivin siRNA (target 5 ' -ACTGG AC AG AGA AA- 
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GAGCC-3') were synthesized and purchased from Dhar- 
macon Research, Inc. (Lafayette, CO). The synthesis 
method was carried out according to the method de- 
scribed by Elbashir et aJ. (2001), in which a 21-nt sense 
and a 21-nt antisense strand are paired in a complemen- 
tary manner. This pairing results in a target-specific 19-nt 
duplex region and a 2-nt overhang (dTdT for all the du- 
plex RNAs used in this study) at the 3'-end. Duplexes la- 
beled with fluorescein moieties were modified at the 5'- 
end of the sense strand. Transfection of these duplexes 
using Oligofectamine, Cellfectin, or DMTUE-C was car- 
ried out according to the procedure provided by Dharma- 
con (Hrww.dharmacon.com/siRNA.html), which is also 
the procedure used by Elbashir et al. (2001). RNAi was 
assayed by flow cytometry after 24, 48, and 72 hours. 

Transfection via electroporation 

On the day before transfection, cells were split and 
cultured in RPMI supplemented with 10% FBS and IL- 
6. On the day of transfection, cells were spun down and 
washed once in Opti-MEM (Life Technologies Inc., 
Rockville, MD) before resuspension at a concentration 
of 20 X 10* cells or 400 /tl. Cells were then incubated 
with 20 /xg ErbB3-specific siRNA or the control fluo- 
rescein-labeled luciferase siRNA duplex for 10 min- 
utes at ambient temperature in a 0.4-crn electroporation 
cuvette (BTX Genetronics, San Diego, CA). The 
cell/siRNA duplex mixture was pulsed once for 20 mil- 
liseconds at 250 V using a square wave electroporator 
(BTX Genetronics) and incubated at ambient tempera- 
ture for 20 minutes prior to transferring cells to 6-well 
plates (Becton Dickinson) containing RPMI 4- 20% 
FBS + IL-6. RNAi was assayed by flow cytometry or 
Western blot analysis or both after 24, 48, 72, or 96 
hours. 



RESULTS AND DISCUSSION 

We have had a longstanding interest in understanding 
the mechanisms underlying growth control of multiple 
myeloma cells. In this regard, we have employed a panel 
of disease-representative human myeloma cell lines that 
collectively display heterogeneity in cytokine respon- 
siveness. Recent work in our laboratory focusing on re- 
ceptor transactiYation in this rumor model (French et al., 
2002) led to the serendipitous discovery that ErbB3, a 
member of the epidermal growth factor receptor (EGFR) 
family, is atypically expressed in the multiple myeloma 
cell line, KAS-6/1 (D.KL Walters et al., unpublished ob- 
servations). This finding was intriguing to us, as the 
KAS-6/1 cell line has also been shown to display an atyp- 
ical growth response to interferon-a (EFN-a) (Westen- 
dorf et al., 1996). Consequendy, we were interested in 
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exploring the resulting phenotype of the KAS-671 cell 
line in the absence of ErbB3. Thus, the goal of the current 
study was to determine if RNAi could be used to induce 
gene silencing of ErbB3 in the myeloma cell line KAS- 
6/1. 

As a first step, we designed an siRNA duplex that 
would specifically target ErbB3 using previously pub- 
lished guidelines for target design (Tuschl et al., 1999; 
Elbashir et al., 2001). Although siRNA duplexes pave 
been shown to be effective at inducing RNAi in a number 
of adherent cell lines (Tuschl ct al., 1999; Dudley et al., 
2002; Tijsterman et a]., 2002), successful use of this tech- 
nology in nonadherent cells, for example, myeloma cells, 
had not been reported when we First began these studies. 
Therefore, before transfection of ErbB3 siRNA, it was 
first necessary to determine if the nonadherent KAS-6/1 
cells could be transfected with dsRNA. To begin to ad- 
dress this question, we used several transfection proto- 
cols and tested our ability to transduce the KAS-6/1 cells 
with a preselected fluoresce in-labeled duplex that targets 
the firefly luciferase plasmid (pGL2 -Control) used by El- 
bashir et al. (2001). We chose this duplex because of our 
ability to assess transfection efficiencies by flow cytome- 
try and because the KAS-6/1 cells do not express firefly 
luciferase and, therefore, should be unaffected by this 
dsRNA. We first employed Oligofectamine as a transfec- 
tion reagent. We also used the same procedure described 
by Elbashir et al. (2001) that allowed these investigators 
to successfully transfect luciferase siRNA duplexes into 
a variety of luciferase-expressing adherent cell lines, in- 
cluding N1H/3T3, COS-7, HeLa S3, and 293 cells. In ad- 
dition, we also evaluated the transfection ability of Cell- 
fectin and DMRIE-C, a transfection reagent that is 
advertised as being specific for suspension cells. Fluores- 
cence intensity was assessed by flow cytometry 24 hours 
after transfection. As seen in Figure 1A, an increase in 
fluorescence was detected in the KAS-6/1 cell line using 
aU three transfection agents (Cellfectin, 59%; Oligofecta- 
mine, 66%; DMRIE-C, 77%). Of these three agents, 
however, DMRIE-C was clearly the most effective. As 
expected, no increase in fluorescence was observed when 
cells were incubated with siRNA in the absence of trans- 
fection agent. We concluded from these results that the 
fluorescein-labeled siRNA luciferase duplex could be 
successfully transfected into the KAS-6/1 cell line and 
that this transfection was most successful using DMRIE- 
C. Thus, DMRIE-C was used in subsequent experiments 
involving a transfection agent. Using all three reagents, 
we also assessed the effects of altering cell number or 
transfection agent concentration, and neither of these ad- 
justments had a significant effect on transfection effi- 
ciency (data not shown). 

The results demonstrated our ability to transduce la- 
beled dsRNA into KAS-6/1 cells. We next wished to as- ' 
scss the ability of the ErbB3 siRNA duplex to silence 
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FIG. 1. Analysis of siRNA transfection efficiency and ErbB3 expression in myeloma cells following transfection with ErbB3 
siRNA. (A) The KAS-6/1 myeloma cell line was transfected with fluorescein -labeled siRNA that targets the firefly luciferase 
plasmid. Fluorescence intensity was assessed by flow cytometry 24 hours after transfection. Nonspecific binding of siRNA to cells 
was assessed by incubating KAS-6/1 cells with siRNA in the absence of any transfection reagent (second panel from left). Forward 
scatter is shown on the X axis, and fluorescence intensity is shown on the Y axis. (B) KAS-6/1 cells were transfected with siRNA 
specifically targeting ErbB3 using DMRIE-C Downregulation of ErbB3 surface expression was assessed 24, 4&, and 72 hours af- 
ter transfection using an ErbB 3 -specific mAb and flow cytometry. Isotype control, solid gray histogram; specific staining, solid 
line. (C) KAS-6/1 ccUs were transfected with fluorcsccin-labeled siRNA that targets the firefly luciferase plasmid. At 24 hours af- 
ter transfection, cells were incubated with or without trypan blue before flow cytometric analysis. As a control, KAS-6/1 cells were 
incubated with an FITC-conju gated CD138 mAb and incubated with or without trypan blue prior to fixation. Isotype control, solid 
gray histogram; specific staining without trypan blue, dashed line; specific staining with trypan blue, solid line. (D)The KAS-6/1 
myeloma cell line and the adherent T47D breast carcinoma cell tine were transfected with siRNA specifically targeting ErbB3 us- 
ing DMRIE-C. Downregulation of ErbB3 surface expression as assessed 48 and 72 hours after trausfcciion via flow cytometry 
Isotype control, solid gray histogram; specific staining, solid line. 
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ErbB3 expression, and we transfected the KAS-6/1 cells 
with the ErbB3 siRNA duplex using the protocol de- 
scribed and the DMRIE-C reagent. As a control, we also 
transfected cells with the fluorescein-labeled luciferase 
duplex. Overall transfection efficiency was assessed by 
FACS analysts of the percent positive fluorescent cells 
following transduction of the labeled duplex. Silencing 
of ErbB3 was assessed via flow cytometry. Similar to the 
previous experiments, an increase in fluorescence was 
detected following transfection of the fluorescein-labeled 
duplex (data not shown). However, when cells were 



transfected with the ErbB3-specific dsRNA complex, no 
significant decrease in surface expression of ErbB3 rela- 
tive to mock- transfected cells could be detected (Fig. 
IB). Thus, despite our ability to successfully transduce 
the labeled duplex, the ErbB3 siRNA duplex failed to al- 
ter ErbB3 expression. In additional experiments (results 
not shown), the ErbB3 siRNA duplex remained ineffec- 
tive even after alteration of the duplex concentration, cell 
number, or transfection agent concentration. * 

Although the results shown in Figure 1A suggest that 
DMRIE-C was able to deLiver dsRNA into the KAS-6/1 
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FIG. 2. Electroporation of KAS-671 cells with ErbB3-spccific siRNA results in dowuregulaiion of ErbB3. (A) KAS-6/1 cells 
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cells, because the ErbB3-specif1c dsRNA complex was 
unable to modulate ErbB3 expression, it was possible 
that DMRIE-C simply facilitated cell surface binding of 
dsRNA but did not cause intracellular uptake. To address 
this possibility we again transfected the KAS-6/1 cells 
with the FITC-labeled duplex using DMRIE-C. Prior to 
fixation and flow cytometric analysis, we incubated the 
cells with or without trypan blue to assess extracellular 
vs. intracellular fluorescence. Of interest, although try- 
pan blue was able to completely quench cell surface fluo- 
rescence as detected using an antibody to cell surface 
Syndecan-1 (Fig. 1C. right), trypan blue did not have a 
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significant effect on the fluorescence signal emitted by 
KAS-6/1 cells transfected with the fluorescent dsRNA 
duplex (Fig. 1C, left). We conclude the majority of the 
duplex is successfully transfected into the KAS-6/1 cells 
using DMRIE-C and docs not simply attach to the cell 
surface. 

Although the manufacturer indicates that >10% of tar- 
gets selected using the Tuschl et al. (1999) guidelines are 
successful in inducing RNAi of the respective gene of in- 
terest, it was possible that the ErbB3 siRNA duplex used 
in the studies described was simply an inefficient or inef- 
fective ErbB3 target. To test this possibility, we trans- 
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fected T47D cells with the ErbB3 siRNA duplex using 
the transfection agent, DMRIE-C. T47D is an adherent 
breast carcinoma cell line that is known to express 
ErbB3. Gene silencing of ErbB3 was again assayed via 
flow cytometry using an ErbB3-specif]c antibody 48 and 
72 hours after transfection. As shown in Figure 1C, trans- 
fecdon of the KAS-6/1 cell line with the ErbB 3 -specific 
siRNA duplex was again unsuccessful at silencing ErbB3 
expression. However, significant downregulation of 
ErbB3 was observed in the T47D cells 48 and 72 hours 
after transfection. Thus, these data suggest that the 
ErbB3 siRNA target sequence is indeed functional at si- 
lencing ErbB3 and that its failure to silence ErbB3 in the 
KAS-6/1 cells must result from another factor(s). 

To better understand why ErbB3-specific dsRNA du- 
plex was ineffective in the KAS-6/1 ceUs T we again used 
the fluorescent duplex and used fluorescence microscopy 
to study intracellular localization after transfecdon. Of 
interest, we observed a cytoplasmic punctate staining 
pattern (results not shown). This pattern of localization to 
discrete foci is similar to the findings reported by Byrom 
et al. (2002) when they transfected fluorescendy labeled 
c-myc siRNA into HeLa S3 cells. Similarly, when Coon- 
rod et al. (1997) studied the efficiency of various DNA 
plasmid transfection methods, they reported that lipofec- 
don or Ca 2 PO< transfection or both resulted in an initial 
granularlike accumulation of plasmid near the cell sur- 
face, with nuclear accumulation occurring over time. In 
contrast, it was reported that transfection via electropora- 
tion resulted initially in a more uniform staining of the 
cytoplasm. From these observations, Coonrod et al. con- 
cluded that the electroporation-induced pores most likely 
allowed more direct access to the soluble portion of the 
cytosol, whereas DNA transfected via lipofection may 
have to be sorted through endosoraes and lysosomes be- 
fore entering the cytoplasm or nucleus. It is possible, 
therefore, that although liposome-based transfection 
agents did r^rmit siRNA duplex entry into the KAS-6/1 
cell line, the accessibility of these duplexes to the RISC 
in these cells may be restricted. 

To test this possibility, we next wished to determine if we 
could introduce the ErbB3 siRNA duplex into the KAS-67 1 
cell line by electroporation. We have previously used elec- 
troporation to transduce expression plasmids into the KAS- 
671 cell line (French et al., 2002). We incubated the KAS- 
6/1 cell line with or without the ErbB3 siRNA duplex for 
10 minutes and then electroporated the cells using 250 V 
for 20 milliseconds. There was striking downregulation of 
ErbB 3, as revealed by flow cytometry and Western blot 
analysis, in the KAS-6/1 cell line as early as 24 hours after 
transfection (Fig. 2). Furthermore, this downregulation was 
maintained in the KAS-67 1 cell line over the 96-hour pe- 
riod. Alteration of voltage or siRNA duplex concentration 
did not have any sigriificant effect on transfection effi- 
ciency or degree of silencing (data not shown). From these 



results, we concluded that the ErbB3 siRNA target is func- 
tional for silencing and that the RNAi pathway cannot be 
activated in the KAS-6/1 myeloma cell line with siRNA 
duplexes using cationic lipid or liposome-based transfec- 
tion agents. However, transfection of siRNA duplexes tar- 
geting ErbB 3 by electroporation was very efficient in in- 
ducing RNAi-mediated downregulation of ErbB3. Of 
particular interest, transfection of the T47D adherent breast 
carcinoma cell line with ErbB3 siRNA via electroporation 
caused a superior level of silencing of ErbB3 (data not 
shown) compared with the level of silencing achieved 
when using the transfection agent DMREE-C. These data 
suggest that electroporation is an efficient method to induce 
RNAi in cells that appear to be resistant to siRNA transfec- 
tion using commercial transfection agents. These data also 
suggest that electroporation may be an even more effective 
method of inducing RNAi in cells that are not resistant to 
transfection using commercial transfection agents. Wilda et 
al. (2002) were able to successfully transfect the nonadher- 
ent cell line K562 with siRNA using commercial carriers, 
suggesting that not all nonadherent cell lines will require 
transfection of siRNA via electroporation. However, our 
results raise the possibility that certain cell types may be 
uniquely sensitive to the mode of siRNA delivery and that 
electroporation may be a method to achieve more effective 
induction of siRNA, even in cell lines that are responsive to 
siRNA transfection using commercial carrier agents. The 
precise mechanisms underlying the success of the electro- 
poration approach remain to be defined, but as alluded to, 
we speculate that this method is superior at facilitating ac- 
cess of the siRNA to the RNA-induced silencing complex. 

Finally, we further assessed the specificity of RNAi-in- 
duced downregulation of ErbB 3 by examining the expres- 
sion levels of a variety of other surface molecules after 
areatment of the KAS-6/1 cells with the ErbB3 siRNA du- 
plex. Figure 3 A indicates that although ErbB 3 expression 
was almost completely inhibited, surface levels of gpl30, 
the IGF-1R, and VLA-4 were unaffected. To further test 
the specificity of RNAi in KAS-6/1 cells, we also treated 
these cells with dsRNA duplexes targeting survivin and 
the IGF-IR and compared the effects of these siRNA 
reagents with the ErbB 3 siRNA on ErbB 3 expression 24 
hours after transfection. As can be seen in Figure 3B ? 
downregulation of ErbB 3 was observed only after trans- 
fection of ErbB3 siRNA, thus indicating the exquisite 
ability of this duplex to specifically silence ErbB3. Col- 
lectively, our results add to the literature demonstrating 
the feasibility of using RNAi in nonadherent cells and il- 
lustrate the importance of the method of cell transfection. 
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ABSTRACT 

RNA interference, the inhibition of gene 
expression by double-stranded RNA, pro- 
vides a powerful tool for functional studies 
once the sequence of a gene is known. In 
most mammalian cells, only short mole- 
cules can be used because long ones induce 
the interferon pathway. With the identifica- 
tion of a proper target sequence, the pene- 
tration of the oligonucleotides constitutes 
the most serious limitation in the applica- 
tion of this technique. Here we show that a 
small interfering RNA (si RNA) targeting the 
mRNA of the kinesin Eg5 induces a rapid 
mitotic arrest and provides a convenient as- 
say for the optimization of siRNA transfec- 
tion. Thus, dose responses can be estab- 
lished for different transfection techniques, 
highlighting the great differences in re- 
sponse to transfection techniques of various 
cell types. We report that the calcium phos- 
phate precipitation technique can be an ef- 
ficient and cost-effective alternative to 
Oligofectaminc™ in some adherent cells, 
while clectropo ration can be efficient for 
some cells growing in suspension such as 
hematopoietic cells and some adherent 
cells. Significantly, the optimal parameters 
for the electrvporation of siRNA differ from 
those for plasmids, allowing the use of 
milder conditions that induce less cell toxic- 
ity. In summary, a single siRNA leading to 
an easily assayed phenotype can be used to 
monitor the transfection of siRNA into any 
type of proliferating cells of both human 
and murine orig in. 



INTRODUCTION 

Post-transcripiional gene silencing 
by double-stranded RNA (RNA inter- 
ference) is a widespread regulatory 
pathway among eukaryotes (17). Since 
its initial observation in Caenorhabditis 
elegans, two primary steps of the un- 



derlying mechanism have'been identi- 
fied. Long double-stranded molecules 
are first processed by an RNase III ho- 
molog, DICER, into short , oligonu- 
cleotides [small interfering RNA 
(siRNA)] with a duplex region of ap- 
proximately 19-nucleotide and 2-nu- 
cleotide 3' overhangs (1,7). .These 
siRNA are then incorporated into the 
RNA-induced silencing complex 
(RISC), creating a sequence-specific 
nuclease (8). In most vertebrate cells, ' 
the presence of double-stranded RNA 
induces the interferon, response path- 
way, which includes the nonspecific 
inhibition of translation and RNA 
degradation (18). By contrast, short 
double-stranded oligonucleotides of the . 
size generated by DICER are poor in- . 
ducers, if at all, of the interferon re- 
sponse. Elbashir et al. (5), were the first 
to demonstrate the feasibility of using 
siRNA to inhibit gene expression in 
mammalian cells. Since then, addition- 
al reports have confirmed this observa- 
tion with a growing set of genes, sug- 
gesting that this approach will be a 
major tool for functional genomics in 
mammalian cells (4,9). 

In addition to being almost universal 
in terms of gene targeting, RNA inter- 
ference can probably be implemented 
in a wide variety of cellular contexts. 
Indeed, although it is still possible that 
some differentiated cells lack the inter- 
fering machinery, there is at this point 
no documented example of this in 
mammals. Currendy, there appears to 
be two main aspects to optimize when 
implementing RNA interference. First, 
since the RISC recognizes its target 
through sequence complementarity, it 
can be expected that the accessibility of 
the corresponding sequence plays a im- 
portant role in the efficiency of silenc- 
ing. Accordingly, the efficiency of si- 
lencing can differ significantly between 
oligoribonucleotides that target differ- 
ent sequences along the same mRNA 
(10). The second limitation is the pene- 
tration of siRNA into cells. Although a 
direct uptake of oligonucleotides takes 
place in Drosophila S2 cells, a transfec- 
tion procedure is usually required in 
mammalian cells. Elbashir and co- 
workers (5) have reported that for cell 
lines commonly used for plasmid trans- 
fections (e.g., HeLa and NIH 3T3), 
Oligofectamine™ (Invitrogen SARL^ 



Cergy Pontoise, France) could be used 
to introduce siRNA in up to 90% of the 
cells. However, this protocol cannot be 

. simply transposed to air cell types. 
Thus, the first difficulty with imple- 
menting RNA interference in a new cell 
type is optimizing the transfection pro- 
cedure. In particular, iCis/well known 
that it is difficult to introduce jiucleic 
acids in hematopoietic cells/ In this re--'-, 
.p.ort we show that an oligonucleotide • 

, j that targets the Eg5 mlWA; provides a : ' 
powerful tool for ^ppjtiiDizin'g'tfansfec--'; 
tion protocols; for -siRN/i^y} . . V* : 



MATERIALS AND METHODS 
Cell Culture 

HeLa cells and F9 subclone were*, 
routinely maintained in DMJBM. supple- 
mented with 10%,FCS. For monoastrol < 
treatment, the cells were incubated for 
16, h in 100 uM monoastrol (Tocris, 
Fisher Bioblock Scientific, IUkircht 
France).' 

The K562 cell line was originally es- 
tablished from the pleural effusion of a 
patient with chronic myeloid leukemia 
(12), and the UT7 cell line was estab- 
lished from a patient with mega- 
karyoblastic leukemia (1 1). These cell 
lines were maintained in a-MEM 
(Invitrogen SARL) supplemented with 
10% FCS and 5 ng/mL recombinant hu- 
man granulocyte/macrophage-colony 
stimulating factor (generously provided 
by Novartis Pharma S.A., Rueil Mai- ' 
maison, France). 

Traiisfecfipri Procedure 

Eg5 oligoribonucleotides were pur- 
chased as purified and protected re- 
agents from MWG-Biotech (Courta- 
boeuf, France). The sequence of the Eg5 
sense and antisense strands were 5'- 
CUOAAGACCUGAAGACAAUdTdT- 
3' and 5'-AUUGUCUUCAGGUCU- 
UCAGdTdT-3', respectively (centered 
on position '2263 of GenBank® acces- 
sion number NM_004523). The se- 
quence of the mutated Eg5 sense and 
antisense strands were 5'-CACCUCAU- 
AUUCCUUAUCGdTdT-3 7 and 5'-CG- 
AUAAGGAAUAUGAGGUGdTdT-3' 
(centered on position 1065 of GenJBank 
accession number NMJMM523; note 



that this nucleotide,, which is normally a 
G t is replaced by. ah A in* this mutated 
sequence)... Oligonucleotides were de- 
protected as recommended by the man- 
ufacturer, and resiispended in water. 
Sense: and antisense strands, were hy 7 
bridized as previously described (5). The 
same oligoriboaucleotides purchased 
from other sources, such as Dharmacon 
(Boulder, CO, USA) and Genset (Paris, 
France), had similar efficiencies. More- 
over, unpurified oligonucleotides were 
as active as purified ones, while being 
shipped in larger amounts. 

Transfection using Oligofectamine 
was performed as recommended by the 
manufacturer: Briefly, 10 5 cells were 
seeded in 3.5 cm dishes 16 h before 
transfection. Transfection was per- 
formed using 3 \iL Oligofectamine 
reagent per dish and the indicated 
amount of siRNA or antisense RNA. 

Transfection by calcium phosphate 
precipitation was performed by a stan- 
dard procedure (15). Briefly, 10 5 cells 
were seeded in 3.5 cm dishes 24 h be- 
fore transfection. The siRNA was dilut- 
ed with 1 mM Tris, pH 7.8, 0.1 mM 
EDTA to a final volume of 36.8 uX. We 
then added 5.2 \iL 2.5 M CaCl 2 and 42 
2x HBS (50 mM HEPES, 280 mM 
NaCl, 10 mM KC1, and 1.5 mM 
Na 2 HP0 4 , adjusted to pH 7.05 with 
NaOH), and precipitation was triggered 
by air bubbling through the solution 
(injecting twice with the pipetman a 
volume of air corresponding to its last 
setting, which is 42 Ml-). After 20 min, 
84 pJL precipitate were added to one 
dish. Following an overnight incuba- 
tion at 37°C, the. culture medium was 
renewed. For RNA preparation, the 
protocol was scaled up for 10-cm dish- 
es with 5 x 10 5 cells and 500 |iL pre- 
cipitate. The silencing efficiency was 
reproducible and independent from the 
scale of the experiment. 

For electroporation, K562 or UT7 
cells were washed twice with serum- 
free DvlDM and resuspended to a final 
concentration of 10 7 ceUs/mL in opti- 
MEM™ (Invitrogen SARL). Subse- 
quently, 0.2 mL ceil suspension were 
mixed with different concentrations of 
siRNA and electroporated with a Bio- 
Rad® apparatus. Three different condi- 
tion* wftr* fp.cfp.H- lOO V anH 175 t»F« 

280 V and 250 jiF; and 260 V and 960 
UK The cell viability following electro- 



poration was assessed by 7-arninoactin- 
omycin D staining. The 280 V/250 uF 
condition was the most efficient for si- 
lencing and was used for the dose-re- 
sponse analysis. 

Immunofluorescence 

Cells were grown and transfected on 
glass coverslips or, alternaltively, treat- 
• ed with monoastrol, and the resulting 
floating cells were spun on a glass cov- 
erslip using a cytospin. Cells were then 
fixed by incubation in methanol for 3 
min at -20°C. After rehydration in PBS, 
the cells were incubated with rabbit 
anti-Eg5 polyclonal antibody or mouse 
anti-p tubulin monoclonal 2. 1 antibody 
(Sigma-Aldrich, Lyon, France), and 
then "with a Texas Red -coupled goat 
anti-rabbit or Rho-coupled goat anti- 
mouse IgG F(ab) 2 fragment (Jackson 
ImmunoResearch Laboratories, West 
Grove, PA, USA). The DNA was 
stained with 4',6 di amino- 2 -phenyl in- 
dole (DAPI), 0.25 Hg/mL (Sigma- 
Aldrich). Coverslips were mounted in 
Citifluor mounting media (Citifluor 
Ltd, London, UK). Imaging of im- 
munofluorescence was performed by 
confocal laser scanning on a Leica 
TCS-NT/SP (Leica, Heidelberg, Ger- 
many), equipped with an air-cooled Ar- 
gon-Krypton mixed-gas laser and an 
A POCHROM AT 63x 1.32 oil immer- 
sion objective. 

Western Blot Analysis 

Twenty micrograms of protein were 
separated on a 6.5% SDS-polyacry- 
larnide gel and transferred on a nitro- 
cellulosc BAS83 membrane (Schleich- 
er & Schuell, Ecquevilly, France). The 
membrane was incubated with rabbit 
anti-Eg5 or anti-Kifl5 polyclonal anti- 
bodies and then with peroxidase-cou- 
pled goat anti-rabbit IgG (Jackson 
ImmunoResearch Laboratories) and re- 
vealed with the SuperSignal® West 
Pico Oieniilumincscent Signal kit (Per- 
bio Science, Bezons, France). 

Cell Cycle Analysis 

The cells were washed in PBS con- 
taining 0.5% 

0.5% saponin (Sigma Chemical, 
France) at 4°C for 5 min and then incu- 



bated in PBS containing 5 Hg/mL pro- 
pidium iodide (Sigma- Aldrich) and 100 
Hg/mL RNase A at 4°C for 2 h. Hie 
samples were then analyzed with a 
FACSort™ (BD Biosciences, San Jose, 
CA, USA), and the percentage of cells 
in the G2/M phase of the cell cycle was 
calculated using the MultiCycle soft- 
ware (Phoenix Flow Systems, San 
Diego, CA, USA). 



RESULTS AND DISCUSSION 

Eg5 is a kinesin-related motor that is 
involved in the assembly of the mitotic 
spindle and the migration of chromo- 
somes along the mitotic spindle (16). In- 
hibition of Eg5 activity, either by micro- 
injection of antibodies (2) or with a 
specific drug such as monoastrol (14), 
leads to a monopolar spindle and an ar- 
rest of cells in prometaphase. Therefore, 
inducing a degradation of Eg5 mRNA 
by RNA interference was expected to 
lead to a similar phenotype. In this study 
we used a 19-nucleotide-long duplex 
RNA with 2-nucleotide 3' overhangs 
that corresponded to a sequence of the 
Eg5 coding region that is conserved be- 
tween man and mouse. In HeLa ceLls, 
the introduction of this siRNA with 
Ohgofectarnine induced an accumula- 
tion of cells in prometaphase and the ap- 
pearance of monopolar spindles (Figure 
1A). This phenotype was only observed 
with double-stranded oligonucleotides 
and was comparable with that observed 
in the presence of monoastrol (Figure 
1 A). A similar result was reported by El- 
bashir and co-workers (6,9) with another 
oligonucleotide targeting the Eg5 
mRNA. To confirm that the arrest in 
prometaphase was due to Eg5 mRNA 
degradation, Eg5 RNA and protein lev- 
els were analyzed on cells transfected 48 
h earlier with increasing doses of 
siRNA. Semiquantitative RT-PCR ana- 
lysis of Eg5 mRNA revealed a decrease 
at the lowest dose analyzed, 30 ng per 3- 
cm dish, reaching 70% at 3 u.g per dish. 
In parallel experiments, Western blots 
indicated a 60% decrease in protein lev- 
els at the 3-p.g dose. From these bulk 
analyses, it is not possible to assess pre- 
cisely the level of suppression with no 

that have received the oligonucleotide. 
Together, these results support the in- 



Vot. 33. No. 6 (20021 



_ jl 

Short Technical Reports 



duction of a specific degradation of Eg5 
mRNA, leading to an arrest in 
prometaphase. 

While RNA and protein assays are 
technically demanding and require spe- 
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Figure 1. Eg5 si RNA transfection In HeLa ceils. 
(A) Phenotypic an aly lis of HeLa cells treated with 
moooaslrol, Eg5 antisense RNA (asEg5), or 
siRNA (dsEg5). Cells were transfected with Oii- 
gofecuaminc or treated with 100 jiM monoastrol 
for 16 h. Twenty-four hours after transfection or 
following monoastrol treatment, Eg5, tubulin, and 
DNA were delected using indicated antibodies 
(red) and DAPI (blue), respectively. Fluorescence 
was analyzed by confocaJ microscopy at 630* 
magnification. (B) Phase contrast microscopy of 
transfected HeLa cells. The culture was analyzed 
by phase contrast microscopy at lOOx magnifica- 
tion 24 h and 48 h after transfection with either 
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cific tools, a blockage in prometaphase 
can be detected through a variety of ex- 
perimental approaches, some of which 
are easily accessible. For adherent 
cells, the loss of adhesion to the sub- 
strate provides the simplest indication 
of a blockage in prometaphase. Figure 



IB illustrates with HeLa cells how this^f 
phenotype can be observed' by routine^* 
inspection under phase, contrast rni-'iv 
croscopy. Moreover, the phenotype was- '-" 
already detectable 24. h after trahsfec'-^} 
tion, indicating a rapid blockage. of. the *' j 
cell cycle. Because of this rapid re-- ' jl 
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' sponse, the activity of Eg5 siKj4Acan 
alio be measured by 'sin^I^cfrun ting 
the cells 24 h'or48;]lt : ^^^sfe'ctfon. 

Precis e quanti^ ca%qn^6^J^^ov^ 
arrest phenotype -* ^midfuS^q^Uy : Eg5 
siRNA-can be achieye^Jtfough cyto- 
fluorometry. *Figurfe;2A^ill3strates the 
use of this approach' to pi'^ire a dose 
response, of HeLa cells. to, two different 
cransfection techniques'. -• Gligofecia- 
mine and calcium phosphate ^'ecip it a- 
tion. Cytofluorobieti^ ^as r performed 
on cells stained with' prbpiaUum "iodide 
48 - a after, transfectionir Because both 
transfection pro tocols-' entail 5 'the cre- 
ation of inhomogeneous solutions, the 
doses are expressed in rnic^.grapis per 
10 5 cells rather than m concentration. 
Using Eg5 double-stranded oligonu- 
cleotides, similar plateaus were reached 
with both procedures, ' where 50% to 
60^ of the cells accumulating in 
G2/M. For each technique r very repro- 
ducible dose responses were observed 
in independent experiments. Although 
it has recently been reported that an an- 
tisense oligonucleotide could induce 
gene silencing under some circum- 
stances, the antisense Eg!)' oligonu- 
cleotide did not exhibit any "significant 
activity in our experiments (13). In ad- 
dition, a double-stranded oligonu- 
cleotide diverging from the human se- 
quence by one nucleotide did not show 
any activity at the highest dose,' which 
confirms the specificity of tie observed 
phenotype. Importantly, with the calci- 
um phosphate transfection, the plateau 
was reached with a si giuficantiy* lower 
amount of siRNA (100 ng/1 G# cells). 
Calcium phosphate precipitation is a 



low-cost transfection procedure that 
can be performed on large scales that 
are well adapted to biochemical stud- 
ies. Our results establish the suitability 
and the cost effectiveness of this strate- 
gy for RJNA interference studies. In ad- 
dition, these results indicate that the 
penetration of siRNA is more efficient 
than that of plasmids, as such high 
transfection efficiency cannot be. 
achieved for these longer molecules 
even in transient assays. 

For cells growing in suspension, cal- 
cium phosphate precipitation is inap- 
propriate, while liposomes and cationic 
lipids give unpredictable results on a 
new cell line. Electroporation can, a pri- 
ori, be adapted to all cell types, although 
high-transfection efficiencies are usual- 
ly associated with a high cellular toxici- 
ty. Reasoning that, similar to calcium 
phosphate, the requirements for the 
penetration of siRNA are likely to be 
different from those of plasmids, we ex- 
pected that less harsh electroporation 
conditions could lead to an efficient 
penetration of siRNA. To explore this 
possibility, we first used the ery- 
throleukemic cell line K'562, for which 
efficient conditions of electroporation 
of long nucleic acid molecules have 
been reported (19). Using the Eg5 
siRNA, we tested electroporation condi- 
tions with respect to the arrest in 
prometaphase and the viability of cells. 
At 280 V and 250 up, the viability of 
cells foJ lowing electroporation was 
higher than S5%. Figure 2B presents a 
dose response to the Eg5 siRNA. At 0.8 
ug per 10 5 cells, from 85% to 90% of 
the cells accumulated in G2/M (Figure 
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Figure 3. Vest experiment on a by subclone. The hV subclone was mock cranslected (control) or trans- 
fectcd witL (he Eg5 duplex RNA using (he indicated transfection procedure. Cell cycle anaJyfcis was per- 
formed as in Figure 2A, 36 h after transfection. 
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2B, upper panel). These results indicate 
that electroporation can enable the pen- 
etration of siRNA in a vast majority of 
the cells. A parallel analysis by Western 
blot confirmed an important decrease in 
Eg5 protein (Figure 2B, lower panel). 
Moreover, the residual expression at the 
different doses of siRNA correlated 
with the percentage of cells unaffected 
in their cell cycle and that presumably 
had not been iransfected. Similar results 
in terms of both the efficiency of cell 
cycle arrest and cell viability were ob- 
tained with the megakaryocytic cell line 
UT7 in spite of the low efficiency of 
plasmid transfection commonly ob- 
served in this cell line (data not shown). 

Several aspects of Eg5 biology 
make it an excellent indicator for moni- 
toring RNA interference. First, the en- 
dogenous Eg5 gene is expressed in all 
the proliferating cells that have been 
analyzed to date. Second, its activity is 
required for mitosis, and therefore the 
penetration of siRNA systematically re- 
sults in an inhibition of growth. This 
growth inhibition can be evaluated by 
several approaches that are accessible 
to alJ laboratories, from cell counting to 
DAPI staining and either microscopy or 
cytofluorometry. Finally, the action of 
Eg5 siRNA is rapid and best analyzed 
between 30 h and 48 h. The evaluation 
of siRNA transfection in a new cell 
type can therefore be easily monitored 
with no specific reagents required, pro- 
vided the targeted cells are proliferat- 
ing. To illustrate the practical value of 
Eg5 siRNA, Figure 3 summarizes the 
testing of different transfection proto- 
cols in a subclone of the F9 murine ter- 
atocarcinoma cell line. Neither Oligo- 
fectamine nor calcium phosphate 
induced a significant accumulation of 
cells in G2/M, indicating a low effi- 
ciency of transfection. We then ex- 
plored the feasibility of using electro- 
poration. By varying the parameters of 
the electrical impulse, conditions could 
be found that led to an accumulation in 
G2/M comparable to that observed in 
HeLa cells (Figure 2A). This result 
confirmed that, as expected, the same 
siRNA can be used in murine and hu- 
man cells. Again, these parameters led 
to a low ceJlular toxicity, confirming 
that the penetration of siRNA does not 
require transfection protocols as drastic 
as those for olasmids. 
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Recently, expression vectors have 
been designed to enable the synthesis 
of appropriate siRNA precursors within 
cells (3). While this can result in a 
long-term inhibition of the target gene, 
this strategy entails the transfection of 
standard plasmids with all the associat- 
ed limitations. Besides, the use of in 
vitro synthesized siRNA provides a 
great flexibility in testing target se- 
quences and for large-scale screenings. 
Our results illustrate that an efficient 
transfection of siRNA can be achieved ' 
in various cell types, and the Eg5 
siRNA provides a versatile too! for, the 
choice and the optimization of the 
transfection protocol. 
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Robinson KA, Ball LE, Buse MG. Reduction of O-GkKAc protein 
modification does not prevent insulin resistance in 3T3-L1 adipocytes 
Am J Physiol Endocrinol Metab 292: E884-E890, 2007. First published 
November 22, 2006; doi:10. 1 152/ajr*ndo.00569.20O6.-3T3-Ll adipo- 
cytes develop insuJin-resistanl glucose transport upon preincubation 
with high (25 rruVl) glucose, provided that insulin (0.6 nM) is in- 
cluded, Akt activation is impaired, and high glucose and insulin act 
synergisucally. Considerable evidence suggests that increased glucose 
flux via the hexosamine biosynthesis pathway enhances the O-Glc- 
modification (O-GlcNAcylation) of some critical protein(s) that 
may contribute to insulin resistance. However, whether enhanced 
protein O-GlcNAcylauon is necessary for the development of insulin 
resistance is unknown. We used two strategies to test this hypothesis 
me first strategy was the overexpression of O-GlcNAcase, which 
removes O-GlcNAc from Ser/Thr of proteins. Cells were infected 
with O-GlcNAcase-expressing adenovirus (or empty virus) 5 days 
before they were submitted to protocols that elicit (or not) insulin 
resistance. O-GlcNAcase was highly expressed and functional as 
6Stem bl0t ' °- GlcN Acase assay, and marked reduction 
ol O-GIcNAcylated proteins. The activity was mainly cytosoJic The 
second strategy was the expression of O-GlcNAc transferase (OGT) 
being markedly reduced by transfecuon of OGT siRNA, resulting in 
an approximately 90% decrease of nuclear and cytosolic OGT protein 
expression and similar reduction in O-GlcNAcylated proteins Non- 
targeting siRNA had no effect. Preincubation in high glucose with 
low-dose insulin decreased the acute insulin response of glucose 
transport by at least 50% and impaired Akt acuvation. None of these 
parameters were affected by overexpression of O-GlcNAcase or by 
OGT knockout. Excess O-GlcNAcyJation is one of many factors that 
can cause insulin resistance. It does not seem to be required for the 
development of glucose/insulin-induced insulin resistance of glucose 
transport and Akt activation in 3T3-L1 adipocytes. 

glucose transport; Akt activation; CMinked Macetylglucosamine 

insulin resistance is a hallmark of type 2 diabetes and is 
associated with uncontrolled type 1 diabetes, obesity, and the 
metabolic syndrome, as well as numerous other conditions 
such as cystic fibrosis, polycystic ovary syndrome, uremia, 
septicemia, glucocorticoid excess, and others. Clinically, insu- 
lin resistance is defined as the decreased ability to lower 
plasma glucose in response to a given dose of insulin. By this 
definition, it would reflect primarily impaired insulin-stimu- 
lated glucose transport into cells that express the glucose 
transporter GLUT4 (skeletal muscle, heart muscle, and adipo- 
cytes). 

Sustained hyperglycemia causes insulin resistance in hu- 
mans (34) and in animal models (27), which leads to the 
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concept of glucose toxicity. It accounts for the insulin resis- 
tance observed in patients with uncontrolled type 1 diabetes, 
which is reversible with insulin therapy (34). Similarly, sus- 
tained elevations of circulating nonesterified fatty acids also 
cause insulin resistance (lipotoxicity). Thus insulin resistance 
may be the cells' answer to the provision of excess nutrients 
Several investigators (1, 20, 28) have proposed that increased 
flux through the hexosamine synthesis pathway (HSP) may 
function as a cellular nutrient sensor and play a role in the 
development of insulin resistance and the complications of 
diabetes. The role of HSP in the development of insulin 
resistance was first proposed by Marshall et aL (19) in 1991 
and was based on studies in isolated rat adipocytes. Ever since 
then, a relatively copious literature that has recently been 
reviewed (2) has developed on this subject. 

The HSP is a minor branch of the glycolytic pathway- 
glucose entry into HSP is catalyzed by the first and rate- 
hmiting enzyme glutamine:fructose-6-phosphate (F-6-.P) 
armdotransferase (GFAT), which converts F-6-P and glu- 
tamine into glucosamine 6-phosphate (GlcN-6-P) and gluta- 
mate. GlcN-6-P is metabolized to UDP-Macetylglucosamine 
(UDP-GlcNAc), the major product of the pathway (19). UDP- 
GlcNAc and other amino sugars generated by the pathway 
provide building blocks of glycosyl side chains for proteins and 
lipids. UDP-GlcNAc is also the obligatory substrate of O- 
hnked A^-acetylglucosamine (O-GlcNAc) transferase (OGT) a 
cytosolic and nuclear enzyme that modifies Ser/Thr residues of 
certain proteins by attaching single GlcNAc moieties in O- 
linkage (17, 18). O-GlcNAcylafion frequently occurs on tran- 
scnpUon factors and often involves known phosphorylation 
f^' f^gesting a regulatory role (3). The process is revers- 
ible; O-GlcNAc is removed by a specific enzyme, O-GlcNA- 
case (32). 

The synergistic effects of preincubation in high glucose and 
insulin on the development of insulin-resistant glucose trans- 
port in primary adipocytes were first reported by Garvey et al 
(10). This model has been widely used to study the mecha- 
nisms of glucose-induced insulin resistance. We (23-25) have 
characterized it in some detail in 3T3-L1 adipocytes Briefly 
preincubation (18 h) in high (25 mM) glucose causes down- 
regulation of subsequent, acutely insulin-stimulated glucose 
transport, provided that low-dose (0.6 nM) insulin is included 
during preincubation. Preincubation in low (5 mM) glucose 
with insulin, or with high glucose without insulin, does not 

rr™ fr?\* 3* ex P ression of fi^cose transporters 
(GLUT4 and GLUT1) is unaffected, and so is the proximal 
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insulin- signaling cascade, as judged by inuJin receptor sub- 
strate- 1- associated phosphatidylinositol 3-kinase activity (23). 
However, both chronic exposure to low-dose insulin and high 
glucose independently impair acute insulin activation of Akt, 
and the two effects are synergistic (25). Since the effects of 
excess glucose flux via the HSP could be mediated by excess 
O-GlcNAc modification of some signaling protein(s) (21, 30, 
31), we felt that overexpression of O-GlcNAcase in 3T3-L1 
adipocytes, before they are submitted to conditions that pro- 
mote insulin resistance, or inhibition of OGT by RNA inter- 
ference (RNAi) would serve to test this hypothesis. 

MATERIALS AND METHODS 

Adenovirus preparation. pcDNA3.1His O-GlcNAcase (a generous 
gift from Dr. G. W. Hart) wis digested with NotMXbaX and Iigated 
into pAdTraclc.CMV (19, 20). Plasrnids were prepared using Plasmid 
Mini and Maxi Kits (Qiagen). Homologous recombination with 
pAdEasy-1 was performed in Escherichia coli BJ5183 cells (Strat- 
agene). Recombinants were selected and transformed into E. coli 
XL-1 Blue (Stiratagene), and large-scale plasmid preparations were 
generated as above. An empty vector preparation without the O- 
GIcNAcase insert was prepared in parallel. The adenovirus coex- 
piesses green fluorescent protein (GFP). Adenovirus generation and 
amplification were performed in human embryonic kidney 293 cells 
as described (13, 14) and were purified using BD Adeno-X virus 
purification kit (BD Biosciences). Adenovirus concentration was 
determined by limiting dilution plaque assay and by spectrophotomet- 
ric measurement. 

To assess whether facilitated targeting of O-GlcNAcase into the 
nucleus affects insulin sensitivity, an O-GlcNAcase cDNA construct 
was prepared with a COOH-terminal nuclear targeting sequence and 
a c-myc tag for the generation of recombinant adenovirus. Human 
Q-GlcNAca.se was cut out of the pAdTrack vector with No A and 
HindXl. The pShooter pCM Wnuc/myc vector (Invitrogen) containing 
three repeats of the nuclear locali2ation signal (DPKKKRKV) and a 
c-myc tag (EQKLISEEDL) was linearized with Not\ and filled in prior 
to cutting with Xbal. The O-GlcNAcase and the nuclear targeting 
sequence/c-myc tag were then Iigated into the NotVXbal sites of 
pBluescriptSK-. Using site-directed mutagenesis (Quickchange; Strat- 
agene) and the following primer, the stop codon between 0-GlcNA- 
case and the nuclear targeting sequence was replaced with alanine 5'- 
GGTCGGAGCCTGGCGGCCTTGTTGGCCGC-3' . The insert was 
then cut out of pBluescript SK- with NotVXbaVSspl, and the 2,694-bp 
fragment was Iigated into the NotUXbal sites of the pAdTrack vector. 
The O-GlcNAcase/nuc/myc pAdTrack vector was linearized with 
Pmel and electroporated into BJ5183-AD-1 electrocompetent cells 
(Stratagene), following the protocol supplied by the manufacturer. 
Production of the virus was performed as described above, following 
the protocol of He et al. (13). 

Viral infection of 3T3-L1 adipocytes and glucose transport assay. 
3T3-L1 fibroblasts were differentiated into adipocytes as described 
(23). On day 6 of the differentiation protocol they were infected with 
2 X 10 R pfu/ml (MOI 200) empty or O-GlcNAcase adenovirus in 
serum-free DMEM for 4 h at 37°C followed by addition of FCS (to 
10%) and incubation overnight. Fresh growth medium was applied. 
Five days after infection (~90% of cells expressing GFP), cells were 
incubated for 18 h in DMEM 1% FCS medium containing either 5 
oiM glucose or 25 mM glucose plus low-dose insulin (6 X 10" ! 1 to 
6 X 10" 10 M). Cells were serum and insulin deprived for 2 h and then 
stimulated or not for 15 min with either a low dose of insulin, which 
resulted in half-maximal stimulation of glucose transport (6 X 10" 1 1 
M), or with a fully stimulating insulin dose (4 X 10 ~ 10 to 10 ~ 7 M), 

gbirn«ft francnr>r1 rn?.acnr?H pc tjif ijptgVA r»f 2-deO V fT '" r '\S<* f^f 

min, as previously described (23). 



Total postnuclear extracts of cells were prepared in lysis buffer (50 
mM HEPES, pH 7.4, 140 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM 
sodium pyrophosphate, 100 jxM sodium vanadate, 1% Triton X-100, 
and 10 u,g/ml leupeptin, aprotinin, and pepstatin A, 1 mM phenyl- 
methanesulfonyl fluoride, and 1 \xM microcystin LR). Glucose trans- 
port was quantified by scintillation counting of a portion of the extract. 
Protein determination using Coomassie Protein Reagent (Pierce), 
O-GlcNAcase enzyme assays, and Western blots were also performed 
using these extracts. Nuclear extracts were prepared using the method 
of Dignam et al. (7). 

RNAi. To reduce OGT expression, a small interfering RNA 
(siRNA) to a sequence in the COOH-terminal region of mouse OGT 
(Ref. NM- 139 144.2) corresponding to nucleotides 3420-3440 was 
transfected. This sequence was chosen on the basis of recent success- 
ful OGT suppression by an si RNA targeted against this region of rat 
OGT (11) that differs from the mouse in one nucleotide. The sequence 
of the siRNA against mouse OGT was sense 5'AGGGAACUA- 
GAUAACAUGCUU-3'. For die control, scrambled siRNA, the se- 
quence was sense 5'-CGCAUUAAUCUAGUUCGCUUU-3'. A 
BLAST search of GenBank was carried out to avoid matches with 
other known sequences. Custom siRNA synthesis was carried out by 
Dharmacon (Lafayette, CO). This siRNA resulted in 50-60% sup- 
pression of OGT protein expression in 3T3-L1 adipocytes. To obtain 
a more complete suppression of OGT expression, we purchased 
SMARTpool Reagent from Dharmacon, which consists of a mixture 
of 4 unique siRNAs developed against the targeted gene and is 
guaranteed to silence the RNA by >75%. Transfection of this prep- 
aration decreased OGT protein expression by -90% in 3T3-L1 
adipocytes. For cells treated with nontargeting siRNA, we used 
Dharmacon \s non-targeting siRNA pool of 4. 

siRNA transfection or electroporation. 3T3-L1 adipocytes are dif- 
ficult to transfect, and until recently, successful siRNA transfection 
was achieved only via electroporation (22). Recently, a technology 
using virus-derived amphipatic peptides has been developed (6) that 
directly interacts with nucleic acid cargos to form nanoparticles that 
diffuse through plasma membranes and release their cargos inside the 
cell. The technology has been adapted by the manufacturer (Geno- 
spectra, Fremont, CA) to several cell lines that are difficult to 
transfect, including 3T3-L1 adipocytes. We adopted the following 
protocol for transfection of the latter. 

On day 6 after initiation of the differentiation protocol, cells were 
subcultured to a density of 2.5 X 10 4 cells/cm 2 and incubated 
overnight in DMEM containing 25 mM glucose arid 10% FCS. Then, 
FCS was removed and cells were washed with PBS and transfected 
with a final concentration of 40 nM nontargeting or OGT siRNA using 
the Express-si Delivery Kit (Genospectra). Following a 4-h incubation 
with the siRNA, FCS was added to a concentration of 10%, and cells 
were incubated for an additional 18 h. Medium was replaced with 
fresh DMEM containing 25 mM glucose and 10% FCS for 24 h. Cells 
were then incubated for 18 h in DMEM containing 1% FCS and 5 mM 
glucose or 25 mM glucose plus 0.6 nM insulin and then serum and 
insulin deprived for 2 h and glucose transport measured as described. 

For electroporation, on day 6 after initiation of the differentiation 
protocol, 7 X 10 6 cells were trypsinized, washed, and resuspended in 
PBS and electroporated with 20 nmol of scrambled or OGT siRNA, 
using the Gene Pulser XCell (Biorad) at a setting of 975 pi\ 180 v] 
exponential decay in a 0.4-mm gap cuvette. Following electropora- 
tion, DMEM containing 25 mM glucose and 10% FCS was added to 
the cells, and they were plated at a density of 1.75 X 10 t; cells/cm 2 . 
Medium was refreshed the following day. Forty-eight hours after 
electroporation, cells were incubated in DMEM containing 1% FCS 
and 5 mM glucose or 25 mM glucose plus 0.6 nM insulin for 18 h and 
then serum and insulin deprived for 2 h and glucose transport 
measured as described. 

Western blots of phosphorylated Ah, O-GlcNAcase, OGT, and 
O-G icNA c-TT.odifed proteins. Cell extracts (20 jjl£ protein) were 
separated on 7% SDS-PAGE and transferred to nitrocellulose. For 
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Western blot of phosphorylated (p)-Akt, 0-GlcNAcase, and OGT, 
membranes were blocked for 1 h and then incubated overnight in 50 
mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20, 5% nonfat dry 
milk (blocking buffer) containing anti-p-Akt rabbit polyclonal anti- 
body (1:1,000, Cell Signaling), or anu-0-GlcNAca.se or anti-OGT 
rabbit polyclonal antibody (1:5,000 and 1:2,000 respectively, both 
gifts of Dr. G. W. Hart). Following washing, membranes were 
incubated in goat anti-rabbit IgG (1:1 0,000, Jackson Immunoresearch) 
for 1 h, washed, developed with West Pico ECL Reagent (Pierce), 
exposed lo film, and quantified by photodensitometry using a National 
Institutes of Health Image Analyzer. 

For detection of O-GlcNAc-modified proteins, membranes were 
processed using the (9-GIcNAc Western blot detection kit (Pierce), 
which uses the 1 10.6 antibody, developed by Comer el al. (4). In some 
experiments an alternative anti-O-GIcNAc antibody (RL-2, which was 
originally discovered as recognizing nuclear pore proteins), obtained 
from Affinity Biore agents, was used. 

O-GlcNAcase assay (modified from Refs. 8 and 9). Cell extracts 
(100 were incubated for 30 min at 37°C in a final volume of 200 
(xl containing 50 mM sodium cacodylate, pH 6.4, 0.3% BSA, 2 mM 
p-nitrophenyl N- acetyl -P-D-glucosaminide (p-NPAGA), and 50 mM 
^acetylgalactosamine without or with an O-GlcNAca.se inhibitor, 
0-(2-acetamido-2-deoxy-r>gIucopyranosylidene)-amino-7v , -phenyl- 
carbamate [PUGNAC (1 pM); Toronto Research Chemicals], which 
served as background. Reactions were stopped by the addition of 1.8 
mi of 50 mM sodium carbonate, and A^oo was determined (<= mM = 
17.7). O-GlcNAcase activity was determined by subtracting the 
+PUGNAC blank and expressed as micromoles of p-NPAGA per 
milligram extract protein per minute. 

Materials. Unless otherwise indicated in the text, materials were 
purchased from Sigma. 

RESULTS 

3T3-L1 adipocytes were infected with the O-GlcNAcase 
adenovirus or with empty vims on day 6 of the differentiation 



protocol, as described in materials and methods. The time of 
infection was chosen because cells were easier to infect before 
they were fully differentiated. At the time of the experiment (5 
days postinfection), >95% of the cells expressed the full 
adipocyte phenotype and >90% expressed GFP, indicating 
viral infection. On inspection under the microscope there were 
no obvious morphological differences between cells infected 
with empty or O-GlcNAcase-expressing adenovirus or nonin- 
fected cells. 

To assess the level of expression of O-GlcNAcase, the 
enzyme activity was measured in postnuclear supernatants. 
The enzyme activity was increased > 10-fold in cell extracts 
prepared from cells infected with O-GlcNAcase virus com- 
pared with cells expressing the empty virus. The conditions of 
preincubation of the cells (low or high glucose) made no 
difference (Fig. \A). Figure \B shows Western blots of post- 
nuclear supernatants prepared from cells, as shown in Fig. 3, 
and developed with an antibody that specifically recognizes 
0-GlcN Ac-modified proteins [antibody 110.6 (Ref. 4)]. Cells 
that were infected with empty virus and preincubated in high 
glucose showed clearly increased O-GlcNac modification of 
numerous proteins (Fig. IB, lane 3), and this was diminished in 
cells overexpressing the O-GlcNAcase virus (Fig. IB, lane 4). 
Figure 1C again demonstrates the enzyme activity in cell 
extracts using another antibody, RL-2. In comparing cells 
preincubated in high glucose expressing empty or 0-GlcNA- 
case adenovirus, the latter showed a marked reduction in 
O-GlcNAc-modified proteins. Cells that were infected with 
adenovirus expressing O-GlcNAcase showed a strongly reac- 
tive band on Western blot developed with O-GlcNAcase anti- 
body; the antibody was not sensitive enough to detect endog- 
enous O-GlcNAcase in total cell extracts of cells infected with 
empty virus (Fig. ID). Taken together, the data indicate that 



Fig. 1. O-GlcNAcase amount and activity arc 
markedly increased in cells infected with O- 
GlcNAcase virus. A: O-GlcNAcase activity 
was measured in postnuclear supernatants of 
cell lysates infected with the adenovirus ex- 
pressing the enzyme or cells infected with 
empty virus using a method modified from 
Gao et al. (9), as described in materials and 
methods. Means + SE are shown; n - 16 
observations from 4 separate experiments. B: 
Western blots prepared from postnuclear su- 
pernatants of cell lysates developed with an 
antibody (110.6, Pierce) that specifically rec- 
ognizes O-GlcNAc-modified proteins. 3T3-L1 
adipocytes, which had been incubated for 18 h 
with 25 mM glucose plus 0.6 nM insulin, show 
clearly increased O-GlcNAcylation of several 
protein bands if infected with empty virus. 
However, total O- linked N-acetylglucosamine 
(O-GlcNAc) modification is diminished in 
cells overexpressing OGlcNAcase. C: the 
same cells developed with another 0-GlcNAc- 
specific antibody. RL-2 (Affinity Bioreagents). 
O-GlcNAcylation is reduced in cells overex- 
pressing O-GlcNAcase. D: Western blot devel- 
oped with an anti-O-GlcNAcase antibody of 
postnuclear supernatants prepared from cells 
preincubated in high glucose plus 0.6 nM in- 
sulin and infected with empty virus (lane I) or 
with O-GIcNAcase virus (lane 2). 
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the cells infected with adenovirus strongly expressed O-Glc- 
NAcase and that the enzyme was functional. 

Cells were incubated for 18 h in DMEM containing 1% FBS 
and either 5 mM glucose or 25 mM glucose plus low-dose 
insulin (6 X 10" " to 6 x 10" ><>M) . Cells were then deprived 
ot hCS and insulin for 2 h, stimulated or not (basal) for 15 min 
with a haJf-maximally or maximally stimulating dose of insu- 
lin, before measuring glucose transport for 3 min. As shown in 
Hg. 2, pretreaung cells with high glucose plus insulin down- 
regulated subsequent basal and insulin-stimulated glucose 
transport in response to both half-maximal and maximal insulin 
stimulation by -40% (P < 0.03-P < 0.001). Insulin stimula- 
tion above basal (^insulin) was also significantly reduced at 
both acute insulin concentrations. However, there was no 
significant difference in downregulation between cells infected 
with 0-GlcNAcase virus or the empty virus. 

Since preincubation in high glucose plus low-dose insulin 
downregulates Akt activation by acute insulin (25) we next 
tested this parameter. Ceils were preincubated in 5 mM glucose 
or in 25 mM glucose plus 6 X 10" 10 M insulin, deprived of 
serum and insulin for 2 h, and then stimulated with 1(T 7 M 
insulin for 15 min. Figure 3 illustrates a Western blot devel- 
oped with an antiphosphoserine Akt (p-Akt) antibody. In the 
basal state, the p-Akt signal was too weak for graphic iilustra- 
tiom After acute stimulation by insulin, there was a robust 
p-Akt signal that was approximately twice as strong in cells 
preincubated in low glucose as it was in cells exposed to high 
glucose plus insulin. However, overexpression of O-GlcNA- 
case did not protect the cells from downregulation, and there 
was no significant difference in the level of p-Akt between 
cells infected with empty virus and O-GlcNAcase virus. 
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Fig. 2. Overexpression of O-GlcNAcase docs not affect the development of 
insulin resistance in cells preexposed to high glucose plus low-dose insulin 
3T3-L1 adipocytes were infected with adenovirus expressing O-GlcNacase or 
with empty virus 5 days before experiments. More than 90% of cells expressed 
adenovirus, and 95% were fully differentiated at the time of the experiment 
Cells were preincubated for 18 h with either 5 mM glucose or 25 mM glucose 
plus low-dose insulin (6 X 10 " to 6 X 10""' M), serum and insulin deprived 
for 2 h, and then either not stimulated (basal) or stimulated for 15 min with 
insulin at a half- maximally or maximally stimulating dose. Glucose transport 
was then measured for 3 min [as 2-deoxyglucose (2-DOG) transport) 
Means + SE are .shown; n - 4-8. 'Significantly decreased from correspond 

ir.g observation :r. cz)\r. pretested with 5 mM glucose, P < 0 03-0 001 V 

arc no differences between cells treated with O-ClcNAcase o7emp(7 viruT" 
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Fig 3. O-GlcNAcase overexpression fails to restore the impaired activation of 
Akt by acute insulin stimulation in cells preincubated in high glucose plus 
low-dose insulin. Cells were treated as described in Kg. 1 rWnucI«r 
supernatant* were prepared from detergent-treated cell lysates in the presence 
of phosphatase and protease inhibitors. Proteins were separated bv SDS-PAGE 
and ,mmunoblotted with a p-Akt antibody that recognizes pSei^ A- reore- 
sentauve Western blot Basal Akt phosphorylation was too low to quanufy 
The bands shown are from cells that were acutely stimulated with insulin (10 * 
M). B: results from 4 experiments. Data are normalized to Akt phosphorylation 
after acute insulin stimulation in cells preincubated in 5 mM glucose and 
infected with empty vims. Means + SE are shown; n = 4. *Signincantl y 
different from coirespondbtg cells preincubated in 5 mM glucose The exores 
sion of O-GlcNAcase had no significant effect P 



Since the development of insulin resistance most likely 
involves transcriptional regulation, it was important to deter- 
mine the site of expression of the O-GlcNAcase enzyme As 
shown in Fig. AA, the overexpressed O-GlcNAcase was re- 
stricted to the cytosol, where its activity was markedly in- 
creased m cells infected with the O-GlcNAcase-containing 
virus. However, the activity in the nucleus was much lower 
than in the cytosol and was similar in cells infected with empty 
virus or with virus expressing O-GlcNAcase, suggesting that 
die overexpressed enzyme penetrates the nucleus poorly This 
finding was further confirmed by examining Western blots 
(fig. 4B) prepared from nuclear extracts or cytosol of cells 
treated under the different conditions and developed with an 
antibody (110.6) that specifically recognizes O-GlcNAc-mod- 
lfied I proteins (4). In the cytosol and in the nucleus there was a 
trend toward increased O-GlcNAc modification of proteins in 
cells infected with empty virus and exposed to 25 mM glucose 
and low-dose insulin. Although cells expressing O-GlcNAcase 
tended to demonstrate less O-GlcNAcyladon in the nucleus 
compare lanes 2 and 4 in Fig. 4B), only in the cytosol was 
there a clear decrease in O-GlcNAc-modified proteins in cells 
overexpress.ng O-GlcNAcase after preincubation in low or in 
high glucose, (compare lane 6 with S and lane 5 with 7) The 
fact that transfected O-GlcNAcase is mainly restricted to the 
cytosol has previously been noted in COS-7 cells (9) 

Our attempt at increasing nuclear targeting of O-GlcNAcase 
by expressing it with a nuclear localizadon signal was not 
snccessM Although active enzyme was -n*«^ ;„ 
cytosol, its nuclear expression did not improve. It also faUed"to 
• March 2007 • www.ajpendo.org 
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Fig. 4. Nuclear extracts show little evidence of increased O-GlcNAcase 
activity in cells infected with virus expressing the enzyme. Nuclear extracts 
were prepared as described in materials and methods. The infranatant below 
the lipid layer overlying the nuclear pellet was designated cytosol. A: O- 
GlcNAcase activity measurements (as in Fig. L4) in nuclear extracts and 
cytosol. Although the cytosol shows marked increases in O-GlcNAcase activ- 
ity in cells infected with virus expressing the enzyme, there is no evidence of 
this in the nuclear extracts; n = 3 experiments. *Different from cells express- 
ing empty virus, P < 0.01-0.001. B: Western blots of nuclear extracts or 
cytosol developed with an antibody (110.6 from Pierce) that specifically 
recognizes 0-GlcNAc modified proteins. O-G, O-GlcNAcase-expressing vi- 
ms. In cells infected with empty virus, there is a trend supporting increased 
glycosylation of proteins in cells preexposed to high glucose plus insulin. 
Although in the cytosol there is a marked decline in protein glycosylation in 
cells infected with O-GIcN Ac -expressing virus, this trend is barely discernible 
in the nucleus (compare lanes 2 and 4). The gel is representative of 3 similar 
experiments. 

have any effect on preventing the downregulation of the insulin 
response of glucose transport in cells preincubated in high 
glucose plus low -dose insulin (data not shown). 

To rule out the possibility that the lack of effect of overex- 
pressing O-GlcNAcase on the development of insulin resis- 
tance was due to some peculiarity of our adenoviral construct, 
we obtained an O-GlcNAcase-expressing adenovirus from Dr, 
W. H. Dillmann, Dr. Dillmann's group had successfully used 
this adenovirus to prevent the downregulation of sarcoplasmic 
reticulum Ca 2+ -ATPase (SERCA2a) expression in cardiac 
myocytes incubated in high (25 mM) glucose (16). Results 
with this construct were essentially identical to those obtained 
with our O-GlcNAcase adenovirus. Although the activity was 
clearly overexpressed, it did not prevent the development of 
insulin resistance (data not shown). 

Transfection or electroporation of OGT siRNA (developed 
to the COOH terminus) into 3T3-L1 adipocytes reduced the 
expression of OGT protein by 50-60% in 72 h, as assessed by 
Western blots. When the two methods were optimized, the 
results were very similar. However, overexpression of OGT 
siRNA again did not prevent the development of insulin 
resistance in cells preincubated in high glucose plus low-dose 
insulin. Preexposure to hipb glucose, incrp.nsert tbp. O-GI^NAr. 
modification of proteins, as assessed by 110.6 antibody stain- 



ing, and this was decreased in cells transfected with OGT 
siRNA. The reduction of OGT expression was observed both 
in the cytosol and in nuclei, and results were similar upon 
introduction of siRNA by electroporation or by transfection 
(data not shown). Since these results may simply reflect that 
OGT was not sufficiently suppressed to mitigate the develop- 
ment of insulin resistance, we tested the SMARTpool Reagent 
(Dharmacon) consisting of a mixture of 4 siRNAs that are 
guaranteed to silence the desired RNA by >75%. In our case, 
OGT protein expression was decreased by —90%, both in the 
cytosol and in nuclear extracts of 3T3-LI adipocytes (Fig. 5A). 
Furthermore, the (9-GlcNAc modification of proteins was 
markedly reduced both in the nuclei and in the cytosol of cells 
that had been treated with OGT siRNA (Fig. SB). However, 
this did not affect either the basal or die insulin-stimulated 
glucose transport in cells preexposed to 5 mM glucose or to 25 
mM glucose plus low-dose insulin and did not prevent or 
mitigate the development of insulin resistance in the latter (Fig. 
5Q. OGT knockdown also failed to restore the impaired 
insulin-stimulated Akt activation in insulin-resistant cells 
(Fig. 5D). 

DISCUSSION 

There is considerable evidence in the literature indicating 
that increased flux through the HSP, and specifically increased 
protein 0-GlcNAcylation, can cause insulin resistance in adi- 
pocytes and in skeletal muscle (reviewed in Ref. 2). Mice 
overexpressing OGT in skeletal muscle and fat develop insulin 
resistance, as assessed by significantly reduced glucose dis- 
posal during hyperinsulinemic-euglycemic insulin clamp stud- 
ies, as well as hyperleptinemia (21). Mice overexpressing the 
rate-limiting enzyme of the HSP, GFAT, in muscle and fat also 
develop insulin resistance (5, 15), which was evident in vivo 
(5, 15) but not in isolated muscle preparations and was attrib- 
uted to cross talk between fat tissue and muscle (12). Obici 
(26) did not find evidence for insulin resistance, based on the 
hyperinsulinemic clamp technique, in mice overexpressing 
GFAT in skeletal muscle. Many authors base their conclusions 
on a link between insulin resistance and increased flux through 
the HSP on the observation that increased UDP-GlcNAc and 
insulin resistance tend to coexist, and the former enhances the 
rate of <9-GlcNAc modification of proteins (2). Our observa- 
tions do not negate the fact that increased protein O-GlcNAcy- 
lation can cause or contribute to insulin resistance of glucose 
transport and Akt activation; the experiments were designed to 
answer the question whether or not this process is required for 
its development. 

There is strong evidence for a role of increased protein 
0-GlcNAc modification in the development of some of the 
complications of diabetes. In two cases, the techniques used 
here reversed the phenomenon; e.g., Dillmann reported that 
diabetic hearts showed increased protein O-GlcNAcylation as 
well as functional changes indicative of diabetic cardiomyop- 
athy, such as contractile dysfunction and decreased expression 
of SERCA2a. All of these changes were reversed by treatment 
with 0-GlcNAcase-expressing adenovirus (the adenovirus de- 
veloped by Dillmann used the same plasmid construct as ours; 
both were gifts from G. W. Hart) (16). Similarly, exposure to 
high g!»coss induces plasminosen activate inMWt«r.i (t>a i_n 
expression in mesangial cells; this is mediated by enhanced 
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wLvh Knockdown .° f O-GlcNAc transferase (OCT) does not prevent gIuco.se/ir.suIin-induced insulin resistance. In the experiments shown here OCT 
knockdown was earned out us.ng the "Smartpool ReagenffDharrnacon), which consists of 4 unique siRNAs against mouse OCT?* nontargeung consols we 
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ESSh ?E °> 4 observauons. *OGT NA or NT, P < 0.001. B: representative Western blot of nuclear extracts and cytosol developed wim me anti-O-GlcNAc 
nrr V y ' ^f™^ and premcubated under exacdy the same conditions as in A, and the gel is representative of 4 sLlar experiments. Clearly 

™ dOM markedly reduced prote.n O-GlcNAcylation bom in me nucleus and in the cytosol. C: comparison of basal and n^aximally^nsmin-sumu^ed 
(0.1 uM) glucose transport between cells pre.ncubated m 5 mM glucose, with cells preincubated in 25 mM glucose plus 0.6 nM insulin. High glucose/insulin 
caused umlm resistance P < 0.01 vs. corresponding 5 mM glucose-ueated cells. OGT knockdown had no effect; „- 4. D: same experimentair,lgraTc 
S*" .nsulm-sumulated Akt acuvauon ,s studted, which Ls measured as the phosphorylation of Akton Ser™. Basal phosphorylation of Akt in this system 
? T d " T shDwn - Cells P^ubated m high glucose plus low insulin demonstrated impaired insulin-stimulated Akt activation p < 0 01 
yjKj l Knockdown had no effect; n — 4. ... 



O-GlcNAcylation and transcriptional activation of Spl. Inhi- 
bition of O-GlcNAcylation by enhanced <9-GlcNAcase expres- 
sion via adenovirus, or by decreasing the expression of OGT 
via siRNA, inhibited high giucose-mediated PA1- 1 induction, 
thus clearly demonstrating a causal connection between O- 
GlcNAcylation and specific transcriptional events (11). The 
complete lack of response to the marked diminution of O- 
GlcNAc protein modification in our studies may suggest that 
the insulin resistance of our model cannot be modified. This, 
however, is not the case. We have found that the insulin 
resistance of glucose transport and Akt activation is partially 
reversed by brief treatment with rapamycin or with an inhibitor 
of classical protein kinase C (unpublished observations). 

The limited nuclear penetration of overexpressed <9-GlcNA- 
case had been previously noted by Gao et al. (9) in Cos-7 cells. 
Since the development of insulin resistance most likely in- 
volves trnnscrintinnnl e.ve.n,s ( wp. inifin|)y thought thot the Inch 
of effect of O-GlcNAcase treatment may reflect the insufficient 
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nuclear expression of the overexpressed enzyme. However, the 
experiments with OGT knockdown, where the enzyme was 
similarly decreased by -90% in the nucleus and the cytosol, 
without affecting the development of insulin resistance, do not 
support this hypothesis. However, the limited nuclear transport 
of overexpressed O-GlcNAcase is of interest. Recent studies 
(29) have established that O-GlcNAcase is a Afunctional 
enzyme with activatable histone acetyl transferase and O- 
GlcNAcase activities. Furthermore, the enzyme associates 
strongly with OGT and accompanies it with histone deacety- 
lases into transcription corepression complexes (33). These 
characteristics may be unfavorable for nuclear transport, at 
least in some cells. In cardiac myocytes (16) and in glomerular 
mesangial cells (11), O-GlcNacase penetrated the nucleus 
sufficiently to affect transcription. , 

In conclusion, overexpression of OGT in muscle and fat 

. „ \— *-w.,w..wa, Ui^. ac*^v va.nl 

two maneuvers that markedly reduced O-GlcNAcylation, in- 
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DECREASED O-GlcNAc DOES NOT PREVENT INSULIN RESISTANCE 



eluding reducing OGT expression by -90%, failed to prevent 
or mitigate glucose/insulin-induced insulin resistance suggests 
that excess O-GlcNAcylation is only one of many causative 
factors of insulin resistance, increased O-GlcNAcylation does 
not seem to be required for the development of insulin resis- 
tance of glucose transport and Akt activation in this model in 
3T3-L1 adipocytes. 
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Introduction 

The usefulness of many interesting pheno- 
rypic cell models is limited by the unavail- 
ability of an efficient transferor, system. 
One- such cell mode! is the differentiated 
murine 3T3-L1 adipocyte, which is used 
for studying insulin signaling, glucose 
homeostasis and lipid loading. Under 
appropriate incubation conditions, pre- 
adipocyre3T3-L1 ceils differentiate into 
an adipocyte phenotype exhibiting many 
of the morphological, biochemical, and 
insulin-responsive features of the normal 
rodent adipocyte. 1 To date, most siRNA 
gene silencing experiments in 3T3-L1 cells 
have been limited to pre-adipocytes 
because they are relatively easy to trans- 
feet using commercially available reagents. 
Transfection of siRNA into differentiated 
3T3-L1 adipocytes, on the other hand, has 
only been accomplished by electropora- 
tion. 1 However, electroporation is expen- 
sive, incompatible with high throughput 
assay formats, and toxic to cells. 2 Here, we 
report using the DeliverX~ Plus siRNA 
Transfection Kit in a lower-cost, scalable 
transfection protocol that successfully 
delivers siRNA into differentiated 3T3-L1 
adipocytes with no apparent effect on 
cell viability. 



The DeliverX Plus siRNA Transfection Kit 
is based on novel "M PC delivery technol- 
ogy developed at Centre de Recherches 
en Biochimie Macromoleculaire (CNRS) 
in Montpellier (France) in the laboratory 
of Dr. F. Heitz and Dr. G. Divita. MPG tech- 
nology uses virus-derived amphipathic 
peptides that directly interact with 
nucleic acid cargos to form nanoparticles 
capable of diffusing through plasma 
membranes and releasing their contents 
inside the cell. 1 - 3 " 8 The mechanism of 



entry is receptor-independent, involves 
MPG/lipid interactions, and avoids the 
endocytic pathway, thereby preventing 
endosomal or lysosomal degradation of 
cargos. 4 The diffusion capability of MPG 
technology permits efficient and robust 
siRNA delivery into a wide range of cell 
types. MPG peptides can be designed to 
accommodate specific molecular cargos 
including siRNAs, single and double strand 
oligonucleotides, plasmids, peptides 
and proteins. 



Nanoparticle 




Nanoparticle 
diffuses through 
the cell membrane 



Cell 
membrane 




Nanoparticle releases 
cargo in cytoplasm 



Figure 1. MPG Peptide-Based Delivery Technology 
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Figure 3. Transfection of FAM-labeled siRNA delivery control into 3T3-L1 
adipocytes. 

Materials and Methods 

GAPDH siRNA was synthesized byTrilink Biotechnologies, Inc. 
GADPH siRNA negative control and FAM-labeled siRNA Control 
were obtained from Ambion, Inc. and Panomics, Inc. respectively. 

The 3T3- LI fibroblasts America Type Culture Collection (AJCC) 
were induced to differentiate according to Jiang et a!. 1 Briefly, celis 
were grown to 100% confluence in an initial culture media, DMEM 
containing 10% bovine calf serum. At 100% confluence, the initial 
culture media was replaced with induction media #1, DMEM 
containing 10% fetal bovine serum (FBS), 5 ug/mL insulin, 0.25 uM 
dexamethason and 0.5 mM 3-isobutyl-l-methylxanthine. After 
2 days incubation at 37°C in 5% CO2, the induction media #1 was 
replaced with induction media #2, DMEM containing 10% FBS and 
5 ug/uL insulin. After 2 days incubation at37°C in 5% CO2, induc- 
tion media #2 was replace with induction media #1. After 2 days 
incubation at 37°C in 5%C02, induction media #1 was replace with 
indue lion media #2. After 8 days of differentiation, greater than 
80% of the ceils began to build up visible lipid vesicles as shown in 
Figure 2. 

Following trypsinization and treatment with collagenase to 
reduce clumping, each well of a 96-well microplate was seeded 
with 5,000-20,000 of the differentiated cells. Hie microplate was 
then incubated at 37°C in 5% CO2 overnight. Transfection was 
performed according to the DeliverX Plus siRNA Transfection Kit 
validated protocol. Cells were lysed 24 hours post-transfection 



and GADPH and cyclophilin B, (PPIB, peptidylpropyl isomerase B), 
mRNA expression were measured using the QuantiGene* Reagent 
System according to the manual. We corrected for the differences 
in the cell number per well by normalizing the GAPDH signal to the 
PPIB signal 9 Relative GAPDH expression levels were determined 
by normalizing measured levels against the siRNA negative control. 
Transfection and analysis of wells were carried out in triplicate. 

Ceil viability and proliferation were determined by analyzing PPIB 
mRNA levels 24 hours after transfection 910 We observed that 
PPIB levels correlated closely with ATP levels. 

Results and Discussion 

Differentiated 3T3-L1 adipocytes such as those shown in Figure 2 
represent one of the most difficult-: o-tfsnsfeci eel! lines' used 
routinely in cell biology studies and were therefore selected to 
challenge the efficiency of siRNA transfection using the DeliverX 
Plus Transfection Kit. First, we evaluated the transfection efficiency 
by determining the percentage of cells containing the FAM- 
labeled siRNA delivery control as determined by fluorescence 
and bright field imaging. The results shown in Figure 3 indicate 
transfection of FAM-labeled siRNA Control into more than 90% of 
« he d i fferenti<: * ed ad i oocytes . 

Next, we assessed functional transfection efficiency using 
siRNA-mediated gene silencing. While typical functional assays 
for siRNA transfection efficiency often use reporter genes such as 
luciferase or GFP, the transfection of reporter genes is not always 
uniform across all the cells in a microplate well, and the expression 
level can be low and transient. Therefore we selected GAPDH 
gene silencing in differentia ted 3T3-L1 adipocytes as a model 
system for measurement of functional transfection efficiency. 
GAPDH mRNA is highly and constitutively expressed and therefore 
presents a more reliable and diagnostic knockdown challenge. 
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Figure 4. Silencing GAPDH gene expression using DeliverX Plus siRNA 
Transfection Kit. 
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Figures. Analysis of cell morphology 24 hours after transfection. 



We transfected 20-40 nM GAPDH siRNA into microplate wells 
containing 5,000-20.000 adipocytes. We verified that at least 85% 
of cells per well exhibited the adipocyte phenotype, lipid vesicles, 
during the transfection. Twenty- four hours after transfection, we 
observed significant GAPDH gene knockdown at all cell densi- 
ties. The data shown in Figure 4 indicate that DeliverX Plus siRNA 
Transfection Kit robustly delivered siRNA into differentiated adipo- 
cytes, producing a knockdown effect of greater than 80% in wells 
containing 5,000 to 10,000 cells. 

Finally; we evaluated the effect of the DeliverX Plus siRNA 
Transfection Reagent on cell viability and morphology. Figure 5 
shows that 3T3-L1 cell morphology did not change following 
transfection using DeliverX Plus siRNA Transfection Kit. In addition, 
cell viability and proliferation remained comparable between 
transfected and non-transfected cells, as shown in Figure 6. 



Table 1 : Cell types transfected with DeliverX Plus siRNA Transfectlon Kit 

using vatldatwl raiKyps spechic protocols. 



3T3-L1 


cffferentiared mouse adipocytes 


C2C12 


dtTcrentiiiTed mouse myotubes 


C2C12 


undifferentiated mouse myocytes 


RAW 264.7 


mouse macrophage cells 


U87MG 


human brain glioblastoma astrocytoma cells 


NHEK-AD 


primary human adult keratinocytes 


THP-1 


human peripheral blood acute monocytic leukemia cells 


HUVEC 


human umbilical vein endothelial cells 


MDA-MB-23! 


human breast adenocarcinoma cells 


MCF-7 


human breast carcinoma cells 


HT29 


human colon carcinoma ceils 


SW620 


human colon carcinoma ceils 


HepG2 


human hepatocarcinoma cells 


BSMC 


human bronchial smooth muscle cells 


A549 


human lung carcinoma cells 


A2780 


human ovarian cancer cells 


ASPC-1 


human pancreatic carcinoma cells 
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Summary 

We have demonstrated that DeliverX Plus siRNA Transfection Kit 
delivers siRNA into difficull-to-transfect, differentiated adipocytes. 
We obsejved greater than 90% ttansfeciior. efficiency and mere 
than 80% siRNA-mediated gene silencing over a wide range of 
cell densities with no apparent impact on cell morphology and 
viability: As shown in Table 1, similar results have been obtained 
with other diffkult-to-transfect ceil lines. In conclusion, DeliverX 
Plus siRNA Transfection Kir was demonstrated to be an effective, 
robust, and gentle transfection reagent for classically difficult- to - 
transfect ceil types. 



I GAPDH Expression J 
- Cell Viability j 



Figure 6. Cell viability and silencing of GAPDH gene 24 hours after 
transfection. 
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Ordering Information 



Product 


Size 


Catalog No. 


DeliverX Plus siRNA 






Transfection Evaluation Kit 


0.12 ml- 


DX0051 


DeliverX Plus siRNA 
Transfection Kit 


0.4 mL 


0X0052 


DeliverX Plus siRNA 
Transfection Kit 


1.0 mL 


DX0053 


DeliverX Plus siRNA 
Transfection Kit 


4 x 1.0 mL 


DX0054 


FAM-labeled siRNA Control 


0.12 mL 






each 


DX0400 



•0.12 mL Deliver* Plus siRNA Transfection Reagent and validated cell-type specific 
protocols. 0.12 mL FAM-labeied sfRNA Control. 0.06 mL Human GADPH siRNA Control 
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